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I. Program Goals
The goal of this program was to explore and develop novel processing

techniques for ceramics via the sol-gel route.

II. Progress to Date
. A. Introduction

-The sol-gel process for making ceramic powders from solutions-gels, and
especially the use of alkoxide precursors, and their subsequent conversion of
gels to ultrahomogeneous glass was developed at Penn State by the P.I. and his
students (1-5). While the above pioneering work blanketed the science
of compositional aspects (phase equilibria) of ceramic and glasses made by
sol-gel it did not address the technological applications which started 15
years later with the innovative Oak Ridge process for shaping UOZ—Thoz gels
(6), the use by 3M and Carborundum of the sol-gel process for making oxide
fibers (7), and by Dislich and Hussmann (8) at Schott for coating glasses, the
Owens-Illinois work on homogeneous glasses (9) and the breakthroughs by Yajima

for non—oxide fibers (10} and 3M on abrasive grain (11).

B. Present Conceptual Innovation and Approach

\ﬁﬁr conceptual innovation on which the present work rests is, we believe,
as major a development as was our development of the sol-gel processing in the
decade 1948-58. In that development we succeeded in making ceramics that were
homogeneous on the 'unit cell’ scale. Since 1982 we conceived and first
published and filed patents on and what we have now developed in detail is
deliberate heterogeneity on the same scale . °0 nm units). The work under
this grant is focused on applications and procc:: ag, while the thermodynamics
and structure of this family of heterogeneous materials is studied under a

parallel NSF grant. 7. ., . ( ' (g
/(J { L_LYC\ . C k SN ‘)T(.\_,/\{k

oo sy vy o r\ \ \ ‘
* S O A/r;\ \Q -
h % e ) C o \/3' _' *-
‘c.' st:xlts“‘ u\*‘ ‘\*'\-/l\/\\r\m‘Jw YT‘?\ gi\@fﬂ
) VN OO s
I. New Diphasic Xerogels ST RS el Wi ca. Ghla g C&‘é\

The work in the first year has proved very successful. We have learned —
the processes to make the following different kinds of diphasic xerogels:
(a) A 5102 or A1203 gel with extremely fine 1-10 nm crystals of a
variety of inorganic crystalline or noncrystalline phases

‘precipitated’ in the pre-existing host gel [see reprints 1 and 2].
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(b) A special case of the former where the 'precipitated’ phase is a
silver halide--which centers on the whole on a photochromic property

[see reprint 31.

II. Diphasic Xerogels for Enbhanced Densification and Sintering

Qur innovation during the second year of the sol-gel processing work is
to use diphasic ceramic xerogels or nano-scale composites as a very general
step in processing new ceramic materials. Both compositional heterogeneity
and structural ’seeding’ have been shown to have profound effects on enhancing
densification and sintering. An example of the enormous value of
compositional heterogeneity is the use of mixed silica and boehmite sols for
the mullite composition instead of the single phase gel. This led to enhanced
densification, i.e., 96% density compared to 85%. A typical example of the
striking effect of structural heterogeneity is the use of ~1% a—A1203 seeds in
boehmite gels which results in greatly enhanced densification and sintering

compared to the unseeded gels (see preprint 1),

III. Microwave Processing of Gels

A systematic though preliminary study of the melting phenomenon of gels
in a microwave oven was reported at the American Ceramic Society meeting (see
attached preprint 2). Briefly, the very interesting result is that one can
melt even a pure Al,03 or SiO, gel in a few minutes in a 600 watt home oven.
A patent is being applied for with the AFOSR.

During the second year of the program, we have identified new materials
which are highly susceptible to microwave radiation and can be used as thermal
seeds for microwave processing of gels since the gels do not heat ub rapidly
in the beginning. A patent application on these materials has been submitted
to the AFOSR.

IV. Hydrothermal Processing of Gels

We have defined the process parameters to prepare almost monodispersed,
free flowing fine powders in the range of 10-100 nm. Sintering of gels had
not been achieved thus far. Sintering of diphasic gels has also been pursued.
With their use we seem to be able to control morphology rather well (see

manuscript 1).




V. Natural Models

The chemistry and microstructure of a large representative set of
naturally occurring single and diphasic gel derived ceramic materials have
been investigated in detail in order to understand the mechanism of
consolidation at low temperatures. All the materials examined appear to have
been formed initially by the random aggregation of 1000-50004 balls by a sol-
gel or solution chemistry process presumably below 100°C (see manuscript 2).

VI. Diphasic Approach to Ultra-Low Expansion (ULE) Glasses

A number of both polar (neoalkoxy and quaternary titanate salts, Ti-
ethylene glycol) and nonpolar (Ti-isopropoxides and Ti-ethoxides in ethaneol,
propanol and chloroform) solvents containing titanium compounds were
investigated for gelation of colloidal silica. To date, the best materials
were obtained using the Ti-ethylene glycol solution in which the colloidal
silica was dispersed and gelled. The sintered materials show a near zero
coefficient of thermal expansion (CTE) by dilatometer. Using a differential
measurement with 0.5% precision, this material exhibits negative CTE against
a commercial silica reference and a slight positive CTE against Corning’s ULE

glass processed by CVD (see manuscript 3).
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MULTI-PRASIC CERAMIC COMPOSITES MADE BY SOL-GEL TECHNIQUE

RUSTUM ROY, S. KOMARNENI AND D.M. ROY
Materisls Research Laborstory, The Pennsylvania Staste Uni-
versity, University Park, PA 16802

ABSTRACT

Instead of eiming to prepare homogeneous gels and xero-
gels, this paper reports on work done to prepare deliber-
ately diphasic materials. This bas been schieved by three
different paths: (1) mizing 2 sols; (2) mizing 1 sol with 1
solution; and (3) post formation diffusion of either one or
tvo soiutions,

By the Isst named process we have made Si0,, mullite
sad alusins bessed composites, with silver halides, DaSO,,
CdS, etc., as the dispersed phase. The crysta] sizo can be
confined to the initial pores by rapid diffusion giving rise
to extremely fine second phases in the submicron range.
Subsequent reduction of appropriate metallic salts can be
used to give finely dispersed metals {(e.g. Cu. Ni) in essen-
tislly sny xerogel matriz. The open porosity makes these
metal atoms very accessible,

By the first two processes we have mede both single
phase and di-—phasic gels of the same composition (prototype:
mullite) and shown that though they cannot be distinguished
by XRD, SEM, and TEM, by DTA and thermal processing, they
are radically different. Such di-phssic gels store more
metastablo cnergy than any other solids.

INTRODUCTION

We developed the sol-gel technique starting in 1948 for two purposes.
First, to make ultrahomogeneous giasses and avoid the tedious standard
method of the time of making glasses from oxide melts by crushing, ro-
melting and so on several times. Second, Roy and Osborn bad embarked on a
low-temperature hydrothermal study of the system Al 03 §$i0,-0,0 {1], and
the glass forming region in the system Alzo Sio2 'll limited to ~0-25%
Al,04. Other starting materials such as silica glass ¢ y- Al,04 or boeh-
mite rescted to give corundum so early that equilibrium was unattsinable.
One needed a nev method to make noncrystalline phsses over a much wider
compositional range. Ewel]l and Insley had alresdy introduced the copre-
cipitated gels made from N|28i03 and AI(N03)3. but even ufter tedious
electrodialysis these slways contained substantial (~1%) Na*. The use of
slkoxide precursors specifically tetraetboxysilane and sluminum jsopro-
poxide proved to be s key to the new generalizable sol-gel process. In
the next several years we used the new sol-gel method to make several
hundreds of compositions as the homogeneous minimally structurslly biased
starting materials sand making homogeneous glasses (1] for phase equi-
1ibrium stuodies both dry and 'wet', in dozens of binary, ternary and
quatarnary systems involving all the major ceramic oxides (2-6).

The sclution~mixing and sol-gel route was first utilized technolo-
gicslly to make nuclear fuel ceramic pellets by ingeniously shaping Lhe
final product while it wes s gel at Osk Ridge and Narwell (7]. Scaling up
of homogeneous glass making was done at Owens-Illinois [{8]. In these
studies end in the roevival of interest in the sol-gel process consequent

Mat. Rea. Boc. Sywp. Proc. Vol. 121 11984) Q) Elsevier Science Pbltsghing Cn., Tuc
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upon the spectaculsr success of Sowwen and collesgues st IN (9] {0 making
fibers and abrasive grain work bas focussed oo exactly the same gosl:
nake homogeneoug gels, snd derive from them, ceramics.

This paper, following the first reports by Roy and Roy {10], de-
scribes the reorientstion of our original goal of homageneity on the
finest possible scale for the sol-gel method. We set as oor new gosl the
making of new waterials with controlled micro- or nano-heterogeneity. The
potential vsloe of such di- or more generslly, multi-phasic materials is
considersble as they allow us to make entirely new families of opto-
electro-elastic composites. Further they allow us to make solids which
store very large amounts of metastable energy.

EXPERIMENTAL

In the making of any composite we may sither make the dispersed phase
first (say A1203 fibers) and build the matrix phese around thst (set s gel
or melt s glass around the fibers) or ono cao make the metrix phase snd
sutsequently grow the dispersed phase within it (e.g. al] precipitation
bardened alloys). In this work we have evoided the first or straightfor-
ward method and vsed either simultaneous creation of the two phases, or
the growth of the dispersed phase into a pre-existing matrix.

Opto-Electro-Elastic Composites

1. Materials Studied. Our first objective was to sttempt to prepare
optically sctive composites in s dielectric mstrisz., For the matrix SiOz.
A1203. snd 3A120318102 suggested themselves ss the simplest candidates.
Dispersed phases suitable for photochromic applications {such as photo-
graphy) are the silver halides, and for photoreceptor spplication (such as
xerography) include cadmium chalcogenides.

Method Developed

Two methods have been used to make the di-phasic composites. Of
those, the one that is relevant to the opto-electro-olastic composites is
s two—stage prooess.

Various silicate or aluminosilicate gels may be used although Si0
appears to be the oasiest to work with, Tetramethoxysilane (4 parts
dissolved in alcohol (15 parts) end hydrolyzed in water (1 part) at 65°C
in 2 cm diameter test tubes, The stiff gel can be removed from the test
tubes after drying a little as monoliths., These monoliths are then soaked
in the metal nitrste solution for 48 hours. They are removed and wasbed
in distillod water and then sosked in dilute HICl or U2504, oetc., as do-—
sired. By controlliang the concentration of the above Cl or 504 anjoss f{o
solution one can form very large numbers of very small nuclei. These di-
phasic msterials csn then be dried at varions temperstures or with micro-
wave radintjon,

Two classes of di-phasic materials result from this spproach, in one
both phases sre noncrystallioe; ia the other, one of the phases ls crys-
talline.

Diphasic_Cersmic-Cersmic Noncrystalline Xerogels

. The second generalized method for making diphasic cersmic zerogels is
shown schemstically in Fig. 1. The upper portion of the flgure represents
the oormal process of making a2 homogeneous single phase xerogel and also
shows the fact that single phase rerogels may of course (dependicg on the
totsl composition) yield one, two, or more crystalliine phases depeuding oun
the phase rule ss the coupo.itloq approsches equilibrium. This is, of




GOAL OF ALL PREVIOUS GCL RESCARCH: l-‘MXINI\ IMXEENEI"I

SoL GEL XEROGEL CERAMIC
00000 e e IR -,
L) * 0 x
SOUTION -] 0000 j+|e¢v+s0)- et ol .'l -
00;00 oooo°~ DR ) »
It weis 1S 1t 18S \ 1-0XLINE
. SoL DS
GLASS

GOAL OF OUR WORK: {CONIROLLEL IEFEROGENEITY |

ETI00 |
soL L 6L £t
v g DR PPy
SULUFIoN NOReC o "o e
L uul J °‘°]’SULl? S| Ry e e
Wwels 151t 15+ s P8
XERUGEL
Y
ill‘bl ) -
SEAUE S W IN DIAMEIER
sal St 18] XLROGHL
reiioy 2 '
pov L
N - S
s ’(‘)ll‘:" + . |" 0" n.u:u.n’o
- A ] noi u.'u u'”t;lu'"
v <. o
).“] e 3 300 b3
e s R AN -
hoit, jox
i 3 biltg + L A
a0-Tm | X o
1 CERANIC S
1 MM S

FIG. 1. Stages in the preparation of single phase and di-phasic gels.
Three different classes of the lstter are illustrated.

course, precisely the way in which such single phese gals were used in our
early studies (4] both under dry snd hydrothermsl coadition as the easiest
route to the oquilibricm crystalline assemblage whether one, two, or
solti-phasio,

In the lower portion of Fig., 1 we show two different classes of
processes for making diphasic gels, The first is basically mixing two
separate s0ls and gelling the mizxtare, and the second is dispersing one
sol in s solution of a second composition (of one or more components) and
then gelling the latter, In the latter case it is difficult to know how
moch diffosion of the ions of the lstter solution may have satered the
'solid’ particles of the first sol, The gels are dried by conventional or
microwave hesting to yield diphasic xerogels.
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Diphasic Ceramjc-Metal Xerogels

To mske coersmic-metal composite materials s third variant is used.
¥e start with either of the following ways for msking the xerogel,

1. Method ). For method i, in vhich all components of the xerogel
are mized simultaneocusly, sluminum nitrate and zirconyl chloride were
formed in squeons, acidic (pB ~1) solution in the case of slumina sad
zirconia systems. In the case of silice, tetraethoxysilane was dissolved
iz excess ethanol with an aqueous solution containing the heavy metsl ion
added simultsneously., The metsllic precursor materials were the same for
zerogels made by method 1 or 2,

2. Method 2. Pre-made sols contajning the constituent oxjde coms-
ponent were obtained either as commercinl ZrO, or AL1(OOH) sols; or by
hydrolyzing and polymerizing Al-nitrate, tetrasthosysilane or tetrsiso-
propyl orthotitanate. The sols were allowed to sit for various periods of
time sfter being prepared before the heavy metal solution was added.

An additional step of reduction of the diphasic (or monopbasic)
serogel product from either of the processes listed above is needed since
the zerogel compounents consist of or contain a relatively easily reducible .
ion such as Cu, Ni, Co, etc., then the product is reduced usually in a gas
phase at 200-700°C usually ia N +0, mixtures, or in solution in contact
with the gel. V¥Ye generste thereby s noncrystalline oxide xerogel matrix
which counteins probably s crystalline metsllic phase, altbough the anits
of the latter are s0 small that we may be approaching noocrystalline
metsls phases also.

RESULTS

The different classes of diphasic composites prepared so far are
described below together with their structure and properties,

Photosensitive SiOz—AxCI. 510,-CdS Msterisls

Thin layers of the $10,-AgCl diphasic material were prepared by
making the gel in a Petri dish, with a range of AgCl concentration from
1-10 mg AgCl per § cm” of gel.

Powder x—ray diffraction shows s crystaslline line-broadened AgCl
psttern superimposed on a broad amorphoue Si0, band with samples con-
taioing greater than 4% AgCl., Scanning electron microscopy of an opaque
tample containing 4% AgCl showed evenly dispersed AgC)l crystsls of less
than one micron disemeter, The transparent samples of SIOZ—A;CI. with
lower concentrations of AgCl, contain smaller crystals presuwably less
than 0.1 micron diametor. Indeed even high resolution TEM studies failed
to locate definite AgCl crystals in the low concentration gels (see Fig,
2) suggesting that these are well below Snm in size.

Infrared absorption spectra of SiOz—AgCl samples dried at 60°C, 500°C
and 700°C show that the spectrum of the ssmple dried at only 60°C is
identical to that of the sample hested to 500°C. No nitrates or residual
organic phases were detected. Absorption bands at 1200, 1120, 800 and 460
cm wvere observed, which correspond to those typical of silics glass.
The band at 950 ce ' has previously been reported in gel glasses snd was
attributed to Si-OH vibrations. The band at 3500 ecm 1 is attributed to
Si-OR stretching and adsorbed water. The 950 and 3500 cn ! bands were
greatly reduced in intensity by heating to 700°%c.

During tbhe drying process at 60°C the SiOz—A|Cl samples shrink con-
siderably, reaching a density of 1.8%5 g/cm”. Additional heat treatmeant at
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(a) - (b}

F1G. 2. Napostructure of AgCl lo 5i0, composites studied by TEN showing
that size of AgCl crystals is S nm or less,

higher temperatures does mot appesr to further incresse the denmsity.

Semples with greater than 10 mg AgCl per § c-a silices gol are opaque
snd white, those with lesser amounts of AgCl are transparent. Upon ex-
posuro to sunlight sll the materials darken. Samples that were initially
transperent remain transparent while darkening, those initially opsque
become opsque and black upon exposure to suslight. 7The darkening csn be
slmost co;plotely reversed in the samples prepared with 4 mg or less AghO,
per 5 ca” silics gel depending on the preparstion parsmeters of the
present samples (not optimized in any way) by storing them in the dark for
boars to days. Heating to 400°C slso clears the 5102-A|Cl materisl, which
can them be darkened agsinm by re-exposure to sumlight. Examples of such
photosensitive 3102-A|C1 zerogels are shown im Figs. 3-4.

The sddition of the crystslline phase also significantly alters the
mechsnical properties of the silica gel before densification., For ex-
ample, geols containing s small amount of AgCl show e much lower tendency

EINEHG] Bt of
SNl S

[

K

E :
T

FI1G. 3. Samples of Sloz-A|Cl prepared with 0.4, 1.0, 2.0, 4.0, 10.0, 20.0
snd 250 mg of A.Noa. respectively, before drying.
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FI1G. 4. Seme as in Fig. 3 after drying at 60°C and exposing to ssnlight.

to crack during densification than pure silica gels. It appears that the
introduction of Jow cobcentrations of sp additions]l phase masy be s useful
step in preventing cracking during heat trestment, which is a common
problem in the production of monolithic articles via the sol-gel process,
the latter being the major focus of much scl-gel research, Details on
this study are given elsewhere [11].

810, _Gol Composites with Crystalline CdS, BeSO,, PbCrO,

The same method has successfully produced many other nano-composites
of 10-50 nm size phases of $10, and another composition (12]. CdS-in-Si0,
composite thin films have been made using IN N028204 st 65°C as the
solution for precipitating the CdS. 8180‘ and PbCrO‘ bave slso been
incorporated as the dispersed phase.

X~ray powder patterns show the presence of crystalline CdS, BaSO, and
PbCrO. in semples with conscentrations greater than ~10 mg per S cm” of
gel. Photoconductive properties have not been measured yot but it is
clesr that they cam be controlled by controlling the composition (e.g. Se
to S ratio) and doping in the crystalline phase, and its concentration.
The experimental data are summarized iz Table 1.

Noncrystalline Diphagsic Compos s

Table I also lists data on other compositions where the second phase
remsins noncrystalline as in CePO,, AIPO4. N6203 and 00203. Yhereoas in
the lstter some diffusion of the &d ions into the 8102 may be expected
giving gradients in the composition, in the two phosphate examples the two
phases should be quite separate, Unfortunately SEM-EDAX fails to resolve
the sepasrate compositional areas, which is consistent with our expectation
that these are on the order of 10-50 nm.

Comparison of Mullite (}A1293'231022 Mono-_ and Di-Phasic Composites

Single phase xerogels had beon prepared by dissolving tetrsethozy-
silsne snd sluminum sitrete 9-bydrate in absolute ethanol, then gelling
the sclution by heating to 60°C in a water bath for several days.

NMiphasic xerogels were prepared by differeat methods, First was by
mizing aqueocus silica sol (Ludox ‘AS,’ 2M in 810,) with boehmite sol.
Opaquoe gels were formed by reducing the solvent vofunt by evaporstion at
room temperature.
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Paremetora for Prepacstion of Diphasie Matorisls by the Intzodsction of ¢ Second Phess isce

Phsses Dotestod

Diphasie Systes Source of Catios Sosrce of Anien iz
$10,-CePO, 4.0 mg Ce(NOy) 4 68,0 §u 23 al B0 0.9 3 8,r0, NCS
e ' 40 ag ' "
b 400 ag b '
510,-%450, 0.1 g Bs(NOy), 12 25 ml Ey0 0.3 ¥ 3,80, Bas0,
' 1.0 »g . e
' 10.0 g o . nso‘
' 100 wg ' ' Be30,
SIOI-ﬂCtO‘ 1000 mg P¥(NOy), ia 20 ml le 0.5 ¥ chromis acid PoCe0,
510,-CePO, 500  mg Ce(NOy)y In 50 ml B0 0.5 ¥ ByPO, NCS
$10,-A100, 500 eg Al(NOy),'78,0 ts 30 i 8,0 . NCS
smz-m,o, 1000  mg Nd{NOy)y is 25 ml '20 sone used® NCS
snoz-u.,o, 200 wg Iu(M,)J is 235 o} l10 sose wnsed® NCS

*Tde metal-oxide ves formed by heatisg the samples to 400°C,

A second method was to disperse a boehmite sol in am alcohol solution
of the tetrsothoxysilane and csusing gelling by heating. A third method
was to mix sluminum pitrate solutions with Ludoxz, with subsequent gela-
tion,

Silics-alumina xerogels were also prepared by immersing a piecs of
silica gol (formed by the hydrolysis of tetrsethoxysilane in ethanol-
water) in an aqueous sluminum nitrate soluotion.

Xerogols were formed by drying the gels in sir at 60°C and subsequent
hesting. The xerogels wers ground to powders using an sgate mortar and
pestle., I-ray diffraction, SEM and electron probe studies showed homo-
geneous noncrystelline wmaterisls with no differences between the single
and diphasic materials, DTA curves, however, tell a very different story.
Such curves for single phase and diphasic materials are shown in Figs. §
and 6, respectively,

All of the single phase dried gels oxhibit a broad endotherm below
400°C due to the loss of water, ethanol and nitrates., Al] wmsullite zero-
gels show only one sharp crystallizetion exo-
therm at 960°C being attributed to mullite
crystallization and exactly reminiscent of the
transition from metaksolimite to mullite +
silics seen on the standard DTA pattera of
kaolinite,

EXOTHERMIC

FIG. S. DTA heasting curves for single phase
xerogels of aluminum to silicon atom ratios
3:1., Bottom: zerogel prepared by gelling
10.2g A1(NO4)4°9R,0 and 2 =1 TEOS in 10 =l
ethanol. Middle: xerogel prepsred by gelling
10.23 Al(N03)3'9H20 and 2 al TEOS in 30 ml
etbanol. Top: 3xerogel prepared by immersing s '
TEOS-ethanol gel im 1.5M sluminum nitrate solu- 0 260 439 €38 803 960 2
tion for 4 days. TEMPERATURE (°C)

LESS ETHANOL

£ NOOTHERMIC
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[T Ty FIG. 6. DTA beating curves for diphasic
2 DIPHASIC MULLITE GELS zerogels of 3:1 A1:S§ atom ratio from
¥ TEOS-boehmite sol snd Ludox-sluminum
2 nitrate,

] * Figure $ slso shows the effect of
< preparation conditions on the crystal-
Sl reos + soemmare sov lization exotherme ip dried end zero-
H gels baving the 'ideal’ mullite com-
i | R W W W T, position (aluminuom to silicon stom
@ €00 800 1000 1200 1400

TEMPERATURE (*C) ratio 3:1). Parsllel to Yoldss' obser-
vetion oo pure Al,0, gols [13), in-
creasing the gel '0?“.0 changes the

structure of the xerogel sufficiently to be reflected in a much less sharp
crystallization exotherm, but does not change its position at sll, The
enthalpy of crystellization was estimsted from the DTA pesk sres to be on
the order of 20 cal/gram (9 kcal/mole mullite) for single phase zxerogels
of 3:1 aluminum to siliconm atom rstio.

DTA of the silica gel immersed in Al-nitrates showed s small, brosd
crystallization exotherm at 960°C charscteristic of a single phase nilica-
slumina xerogel (Fig. S), showing that the Al34 ions bad penetrated and
rescted with the Si-0 solid units in the preformed silice gel. However,
the bomogeneity of the solid units is clearly very different from the best
single phase waterial,

The diphssic xerogels exhibit rsdically different behavior upon
heeting from single phase xerogels of the samo stoichiometric composition.
DTA hesting curves for diphasic xerogels sre shown in Fig., 6. The endo-
therm st 400°C is associated with the decomposition of the boehmite phase,
No trace of the 960°C exotherm seen in single phase xerogels wear observed.
Instead 8 very broed exotherm associated with mujllite formestion occurs
over the entire reglon from about 700 to above 1250°C, I-ray powder
diffraction data on diphssic gels made from Alzoa-soll shows the presence
of a discrete boehmite phase at low temperatures. Cristobslite crystsl-
lization precedes mullite formation when the gels sre heated, confirming
Eho fact that the two discrete phases are reacting ’'independently’ up to
~1000°C.

The diphasic xerogels prepared by gelling tetraethozysilane with
boehmite sol, and by gelling Ludox and sluminum nitrate provide the mwost
interesting dats. The latter is not complicated by the boehmite dehydra-
tion and shows no trace of the mullite formation exotherm at 960°C. In-
stead there 1 apparently continuous resction over a several hundred
degree range, with s much larger toteal AR of resction which is, however,
very difficult to quantify.

Ssmples of both single phase and diphasic zerogels were subjected to
ultrafast heating on « platinum strip furnace, by presetting the tempers-
ture to the desired level, turning of { the furnace, placing the pinhead
slze sample on the strip and switching on the current. No metastsble
melting of tho mullite composition wvas obsorvable (as direct slumping)
below 1750°C.

Cersmic-Metal Diphssic Xeroge] Composites

Details of our work have recently heen published [14]) and only »
sunmary is presented bere. Some compositions studied are listed in Table
I7.

Table ITI 1ists typical process conditions for making a ceramic-metal
zerogel. While the exact details of the process 'recipe’ vary substan-
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tially over the wide
range of cermet sys-
tews studfed, Table

TABLE I1. Ceramic-Motal Systems Studied.

IIT shows that all Alumina: Cu, Pt, Ni
materisls were inj- Zirconis: Co, Ni
tially gelled at or Silica: Cu, So
below 70°C. In Titania: Cu

genoral, when gela-
tion was allowed to
occur in anm open
system, it took
place in times Ozides

ranging from several
pinutes to several Al,03 - Al-nitrate, Al-isopropoxide, Al100Il sols

houwrs. In closed Zr y = Zirconyl chloride, 2:02 sols
systems (a0 H,0 §10, - 5i0,, tetraethoxy (or methoxy) silane
evaporstion during Ti0, - Tetraisopropyl orthotitanmate
gelation), the time
ranged from 1/2 hour
to several days.

Startiong Materials

Metals

Cu - Cu-anitrate, Cu-sulphate, Ca-chloride
Pt HthC16

Sa SnCIz'ZHZO

Ni - Ni-nitrate, Ni-sulphete

Drying end bheat
treatment took place
sfter the wet gel
formed was found to
bave sufficient
rigidity, The final
step was to plsce
the sample in a

TABLE I1I. Typicsl Process Conditions.

furnace and react G.l.':::potntu o RT-700¢
re - RT-
with s reducing oll - (1.5

atmosphere of
"forming gas’ (95% system - open or closed

Drying
N,, 5% H -
5 7) tempers a) ambjent several hours --) days
tuore was varied for b) 110°-128¢
different samples oven $¢C, 30 minutes

i 2000~ c) wmicrowave
oot TN el d) reducing furnace 200°-700°C, 10 minutes

trestment times
ranged from 15 to 40
minutes.

In all the systems (except TiOz-Cu) listed above we obtain composite
zerogel materials consisting of a poncrystalline oxide matrix which is it~
scif either the pure original oxide or slightly doped with the metsl
ozide, snd s finely dispersed metal phase. The nanostructure of the gel
and the metal phases is shown in SEM end TEM photographs in Figs. 7 snd 9
and XRD dats in Fig. 8.

In sum, what these dats show is that the xzerogel itself is typically
nade up of 50 nm globules sggroegated into larger 500-1000 nm globular
closters of oxide. Dispersed among these globules are metal particles
ranging in size from Som at 400°C in the case of Pt on A1203 increasing to
about 30om at 700°C,

Figures 7 and 9 show SEM and TEM microgrsphs of a 10% Pt/Al,0
zeroge) prepared st 500°C. The pores visible as light areas in the faﬂ
micrograph sre the same size as the sgglomersted particles visible in the
SEM micrograph. In addition, small Pt crystallites about 10-135 nm sppesr
as dark spots. In Fig. 9 s TEM micrograph of the zercgel 10% Pt/Al,0q is
compared with a sputtered fiim of a similsr composition. Both materisls
contain Pt crystallites about 10 nm in size, slthough the sputtered film
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FIG. 7. SEM wmicrographs of s 10% Pt/A1203 zeroge] at two different magni-
fications.

0% P1-"ar Cu-2r0, (500°C)

WM -=-- % Cu

: — 1% Cv

i3
10 0 rr 0 0 o | R U S T N N TN Y [ O Y N S O O MO W AN O
29 45 40 »n 3 23
29
(a) (b)

FIG. 8. XRD patterns of (s) 10% Pt/aluminn gels as s function of reduction
tempersture, The dotted lines indicate the position of platinum pesks.
(b) Cu/zirconia gels as & function of % Cu.

is less porous. JIn addition, the Pt crystallite size in the porous oxide
matrix cen be varied by hest treatment in the gel, ss noted previously.
In zerogels of Cu~in sxoz. or Cu in Zr0, more of the copper stays in the
oxide host, whether NCS as in the case o? SiOz or poorly crystalliine as in
the case of z:oz. The radical difference between such diphasic xerogel
cersmic-metal composites (before they are compacted by hot pressing or
BIPing) and other materiais is in their enormous sccessible surfsce ares.

This unique porosity is the zerogels was evident in a series of
experiments with Ni-Al,0; and Cu-Al,0, dipbasic materials. Some of these
composites when reduced ot 500’C-70g'3 were blaeck due to the presence of a
metallic phase, although this wes not always detectable by x-ray diffrec~
tion, However, after exposure to room temperature asbients for periods
from 15 minutes to one week, the metal is reoxidized and a green or blue
zerogel obtained.
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The G-T disgrem of Fig. 10 explains the theory of the sctusl applica-
tion of easch of the three mechanisms in materials processing. Metastable
assemblages of any kind whother caused by surfece energy or noncrystal-
linity MUST melt at a temperature below the equilibrium melting point. By
that token diphssic zerogels, if metastable equilibrium could be sttained,
will melt far below the equilibriua T_. flowever, gguj]ibrium (metastadble
or stasble) is not always attained. ndeed in the 'glass—-forming’ oxide
materiasls we are discussing, below about 1000°C equilibrium is extremely
difficult to attsin at all and the reactions which occur are determined by
the kinetics. In the regime between 1000-2000°C the roles of kinetics and
equilibria are more equal in the typical esperiments which run from
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FIG. 10. Schematic G-T disgram for an isoplethal system to illustrate the
variety of different reactions which canm be encountered in heating mets-
stable phases including xerogels.

minputes to days, so that one can ezpect to observe some of the phenomena
represented schematically in Fig. 10. Other pbenomens encountered include
non-nucleated crystallization shown as occurring st T . For mullite
containing compositions this seems to be ~960°C: sbove this temperature no
NCS solid of the mullite composition can exist since it crystallizes
spontaneously and very rapidly, This is why we have been unable to ob-
serve the metastable melting point of a zerogel in the A1203-Slo2 system,

SUMMARY AND DISCUSSION

The preparstion of di- or multiphasic xerogels has opened the way to
making really new classes of materials at temperstures below 600-700°C.

1. Nogerysta)lline oxide xerogels containing as s second phase very
smell 5-50 nm crystals of s vide assortment of inorganic phases soch as
AgCl, CdS, BaSO,, ete.

2. Noncrystalline or poorly crystalline oxide xerogels containing as
&t second phase very small 5-100 nm crystals of a wide assortment of metals
Cu, Ni, Pt, ete.

3. Two noncrystalline ozxide phases each of which is 5 nm or less in
size, In such materials there are 3 sources of excoss free energy over
the stable equilibrium state

(a) the excess surface energy of such small particles,

(b) the difference between the stable crystalline state and the
noncrystalline state,

(c) the hest of reaction of the two phases to the stable
assemblage,

Since tbe two phases can be very far from equilibrium with each
other, they can store via (c) above in a solid fer more energy than is
possible by the other means (s) snd (b), Typically (a) and (b) will be st
most 1-3 kcals/mole of simple oxides, whereas (c) can be one order of
magnitude more.
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However, in the A1203—M|0 system in which the 3N sbrasive greins are
made (9], it is likely that al]l or part of the gel actually melts mets-
stably nesr 1250°C in order for the reported sintering to be accomplished
at that temperature.
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A sol—yct process is described tor the preparatton ot diphasic composite materialy. The method involves the growth of
extremely tine crystalline or non-crystulline materials inside a pre-made yel structure (ot SiO;) by soaking the gel in metal
mitrate solution und subsequent precipitation ot the metal with the selected anions (using mineral acids) rollowed by a den-

sitication step.

1. Introduction

Our early work following the invention of the alkox-
ide-based sol—gel process by one of us {1.2] led to the
preparation of an enormous compositional range of
ceramic powders. Recent work, often oblivious of the
extensive early work. has often repeated this attempt
at compositional diversity. Thus Gonzales-Oliver et al.
[3]) reported in 1982 the preparation of S$i0,-TiO,
glasses which DeVries et al. {4] reported in 1954 as
simply another application of a routinely used prepa-
ration technique.

The ceramic xerogel powders prepared in our early
(1948-60) studies were multi-component but single
phases and almost universally non-crystalline. Occa-
sionally the gels processed at | atm or under hydro-
thermal conditions typically at 1000—2000 atm, ad-
ventitiously formed roughly equant monoliths from a
few mm to | ¢m in size. Recent work in this area has
focused almost exclusively on the preparation of ultra-
homogeneous single-phase ""large” glassy xerogel mono-
liths. e.g. those of nearly pure SiO» [5-7], However,
it is obvious that the single-phase xerogel in the com-
plex compositions studied say. for example, in MgO~
Al.0;-Si0>—H>0 [8] would on heat treatment and
gquilibration yield polvphasic ceramics. This is. for in-
stance. true of the major technological sol—gel success
so far, i.e. the 3M abrasive grain [9], the xerogel of
which vields Al,O4 and spinel phases.

——

This study forms part of a new initiative to make a
new class of composite solids — diphasic xerogels.
Thus Roy and Roy [10] first reported the preparation
of this class of solids in which two ceramic sol derived
gel phases are intermixed on a scale of =100 A leading
to a ceramic—ceramijc composite, or one where one of
the phases could be reduced to give a metal—ceramic
composite. The present paper provides for the first
time details on still another method to create diphasic
ceramic matrix composites where one of the phases
may be a very finely divided crystalline phase, such as
a sulphate or chromate. Such a sol—gel route presents
a vastly more versatile — with respect to composition
of the matrix — approach to such two-phase materials
than is possible with say, precipitation out of a glass.
Of course. the latter has been successfully utilized for
generations in opacified and opal glasses and more re-
cently in photochromic glasses [11]. Our materials
could. on the one hand. extend the processing options
with respect to the latter, and on the other hand allow
us to make alternative gel bases for the organic mater-
ials used in ordinary photography.

2. Experiments
Silica gels were prepared by mixing ethanol. tetra-
methoxysilane and water in the ratio 15:4: 1 by vol-

uime. The clear solution was poured into 15 X 2 ¢
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test tubes, which were covered and placed in a water
bath at 65°C for 24 to 48 h until a clear, stiff gel was
formed. The gels were allowed to dry at room temper-
ature until just enough shrinkage had occurred for the
gel to slide from the test tube.

The metal cation desired in the second phase was
introduced by placing the silica gel in a beaker contain-
ing aqueous metal-nitrate solution [Ba(NO;),. for
example]. Initially, the gel floats but soon sinks as the
ethanol in the gel pores exchanges with the aqueous
metal-nitrate solution.

After 48 h the metal-nitrate solution was drained
and the gel was rinsed with deionized water, and then
nlaced in an aqueous solution of the akion component
of the desired second phase (H2SO, sciution for ex-
ample). By controlling the concentration of the solu-
tion, small crystals of the insoluble second phase rap-
idly form inside the pores of the gel.

The new “‘diphasic” ceramic composite was dried
at 60°C for 48 h, and in some cases was then given a
second heat treatment at higher temperatures. A sum-
mary of diphasic materials prepared is given in table 1.

3. Results and discussion
Data on aiphasic composites. prepared by precipi-

tating a second phase within silica gel, are summarized
in table 1. Powder X-ray diffraction was used to iden-

Table |

MATERIALS LE1TERS

February 1984

ity crystalline barite and lead chromate in the SiO,~
BaSO, and SiO,—-PbCrO,, respectively. No crystalline
phase was detected by X-ray diffraction in samples of
Si0»—-AlPO,, Si0,-CePO,, Si0,~CiPO,, Si0,—
Nd:O; and SiO:—Ho:O;. The SiO:—CrPO4 is trans-
parent green. presumably due to hydrated chromium
phosphate. The Si0-—~Nd»05 and Si0O,-Ho,04 have
the characteristic color of the metal oxides. The Si0»—
AlPO, is colorless. These are true diphasic xerogel
composites.

Crystal growth within gels is an old technique for
obtaining large, high-quaiity single crystals using extre-
mely ow growth rates [12] on very few nuclei. The
proce«s described in this paper is a modification ot this
old technique, where rapid crystal formation is used
to obtain very small, evenly distributed crystals within
the silica gel. The method has not, to our knowledge.
previously been exploited as a means of preparing
¢ 0t )dsite materials with the dispersed phase being
on the submicron scale.

The size of the crystals formed within the silica gel
is probably influenced by the concentration of cation
present before the crystalline phase forms. Evidence
for this is provided by the transparent and opaque
8i0,—AgCl materials produced using different con-
centrations of AgNQ; reported earlier by us [13].
Further studies using transmission electron microscopy
are underway to substantiate this hypothesis. The silica
gel microstructure (pore size) is probably correlated

Parameters for preparation of diphasic materials by the introduction of a second phase into 5 cm? of silica gel

Diphasic system Source of cation

Source ol anion

Si04 -CrPO4 4.0 mg Cr(NO4)3-6H,0 in 25 ml H,O .5 M H4PO,
Si04-CrPO4 40 mg Cr(NO4)3-6H50 in 25 ml H,0 2.5 M H3PO,
Si04 -CrPO,4 400 mg Cr(NO3)3-6H,0 in 25 ml H,0 0.5 M H3PO,4
Si04 -BuSO,4 0.1 mg BatNO3)4 in 25 ml HAO 0.3 M H4S0,
Sio:—B‘d504 1.0 mg Ba(NO;)z in 25 mi HQO .3 M H:SO4
$i04 - BuSO4 10.0 mg Ba(NO4 )5 in 25 mi H,0 2.5 M H,50,
Si04 -BuSO4 100 my Ba(NQy), in 25 mi H,0 0.5 M H,S0,
Si04 —-PbCr0,4 1000  myg PbINO4), in 20 ml K50 3.3 M chromic acid
Si05-CePO,4 300  myg CetNO3)y in 50 mt H40 2.5 M H3PO4
Si0s —AlPO,4 500 mg Al(NO3)3-9H;0 in 50 ml H,0 2.5 M H3PO,
$i04 -Nd4,04 1000 mg Nd(NO3)31n 25 ml H,0 none used 4)
Si04-Ho404 200 mg HotNOjy)3 in 25 mi H,0 none used 4/

4) The metat-ovide was tormed by heating the samples 10 $00°C.
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with the size of the crystals formed within the gel.
Since the gel microstructure and gel formation time
can be controlled by aitering the ratio of alkoxysilane
to alcohol and water [14], it should be possible to
control the size and distribution of the crystalline phase
by manipulation ot these variables.

The addition of the second phase significantly alters
the properties of the silica gel before densification.
For example, gels containing a small amount of AgCl
show a much lower tendency to crack during densifi-
cation than pure silica gels [13]. The introduction of
low concentrations of an additional phase may be a
useful step in preventing cracking during heat treat-
ment, which is a common problem in the production
of monolithic articles via the sol—gel process.

4. Conclusions

Novel ceramic matrix composites can be produced
by a sol—gel process introduced in this work. The size
and distribution of a crystalline or non-crystalline dis-
persed phase within the matrix gel can be controlied
by this process. A major advantage of this process is
the low temperature at which high-melting-point (and
non-melting) materials can be incorporated into a non-
crystalline xerogel matrix, which may of course be
melted to a glass.
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Preparation of a diphasic photosensitive xerogel

DAVID HOFFMAN, SRIDHAR KOMARNENI, RUSTUM ROY
Materials Research Labaratory, The Pennsylvania State University, University Park, PA 16802, USA

From the time of the discovery by one of us [1] in
the early fifties of the sol-gel method using
organic precursors for preparing glasses [2] and
ceramics the key advantages of the method have
been punty and homogeneity of compositionai
distribution on the finest scale. The recent revival
of interest in the sol-gel process, consequent upon
the finding by Leitheiser and Sowman {3] of its
value in abrasive grain technology reflects this
same focus: making a homogeneous gel. In the
hundreds of papers presented at international con-
terences held during the last few years only two
papers report on the deliberate attempt to make
inhomogeneous gels and xerogels. In these papers
by Roy and Roy [4, 5] we have set out the pun-
ciples of the different ways in which two phase
gels can be made. In the light of the interest in
ceramic—ceramic composites this method offers
novel possibilities for combining two different
phases on a very tine scale. [n this study we report
on the successful preparation of such a composite
of a photosensitive halide in a high temperature
oxide gel. The need for an inorganic base for
photographic processes is now confined to special-
ity products but may one day be much larger. In
addition to the advantage of a low processing tem-
perature. the gei method of preparation introduces
additional processing variables which can be easily
exploited to controi the silver halide crystal size
and spatiaj distnbution.

Although more complex compositions such as
mullite also work we report here only on pure

Si0, gels. Silica gels were prepared by mixing
ethanol, tetramethoxysilane and water in the ratio
15:4:1 by voluine. The clear solution was poured
into 15 x 2cm test tubes, which were covered and
placed in a water bath at 65° C for 24 to 48 h until
a clear, stiff gel was formed. The gels were allowed
to dry at room temperature until just enough
shrinkage had occurred for the gel to slide from
the test tube.

The silver cation was introduced by placing the
silica gel in a beaker containing aqueous silver
nitrate solution. Initially. the gel floats, but soon
sinks as the ethanol in the gel pores exchanges
with the aqueous silver nitrate solution. After 48 h
the silver nitrate solution was drained and the gel
was rinsed with deionized water, and then placed
in an aqueous hvdrochloric acid solution. Very
fine insoluble silver chloride crystals rapidly
formed inside the pores of the silica gel as the C1™
ions diffuse rapidly through the gel. The “‘diphasic™

‘material was dried at 60° C for 48h, and in some

cases was then given additional heat treatment at
higher temperatures. A summary of materials pre-
pared with different AgCl concentrations is given
in Table I.

Thin. transparent pieces of SiO,—AgCl were
prepared by gelling a shallow solution of tetra-
methoxysilane in a petri dish or beaker. The same
treatments with AgNO; and HCl solutions were
used to form the crystalline AgCl phase in the
thin silica gel.

The materials prepared were characterized by

TABLE [ Parameters tor the introduction of a second phase into 5 ¢cm? of silica gel

Diphasic system Source ot cation

Source of anton

Si0, ~AgCl 0.4 mg AgNQ, in 25 mi H,0 0.5 M HC!
Si0, - AgCl 1.0 mg AgNO, in 25 mi H,0 0.5M HC!
Si0, ~AzCi 2.0 mg AgNO, in 25mi H,0 0.5M HC!
Si0, -AgCl 4.0 me AgNO, in 25 mi H,0 0.5 M HCI
Si0. - AeCl 10 mg AgNO, in 25mi H,0 0.5 M HC!
Si0, ~AgCl 20 me AgNO, in 25mi H,O 0.5M HCI
Si0. ~AgCl 250 mg AgNO, n 2§ miH, O 0.5 M HC!

0261-3028/84 $03.00 + .12

D 1984 Chapman and Hail Ltd.
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Figure | Samples of SiO,-AgCl prepared with 0.4, 1.0,
2.0, 4.0, 10.0. 20.0 and 250 mg of AgNO,, respectively,
before drymg.

X-ray diffraction. SEM and IR spectroscopy. The
latter was carned out using a Perkin-Elmer
PE 283 B doubie beam spectrometer, and dispers-
ing the SiO,—AgCl samples in KBr pellets.

Diphasic Si0,—AgCl xerogels were prepared
with a range of AgCl concentrations. Samples
with greater than 10mg AgCl per 5Scm? silica
gel are opaque and white, those wath lesser amounts
of AgCl are transparent. Upon exposure to sun-
light all the matenals darken. Samples that were
mitially transparent remain transparent while dark-
ening, those initially opaque become opaque and
black upon exposure to sunlight. The darkening
can be almost compietely reversed in the samples
prepared with 4 mg or less AgNO, per 5cm? silica
zel depending on the preparation parameters of
the present sampies (not optimized in any way) by
storing them in the dark for hours to days. Heaung
to 300° C also clears the SiO,—AgCl material,
which can then be darkened again by re-exposure
10 suniight. Exampies of the photosensitive SiO,—
AgCl are shown in Figs. | to 4.

Figure 3 Transparent pieces of SiO, -AgClL

Powder X-ray diffraction shows a crystalline
line-broadened AgCl pattern superimposed on a
broad amorphous SiO, band. Scanning electron
microscopy of an opaque sample containing 4%
AgCl! showed evenly dispersed AgCl crystals of less
than one micron diameter. The transparent samples
of Si0,—AgCl, with lower concentrations of AgCl.
contain smaller crystals presumably less than
0.1 um diameter.

Infrared absorption spectra of Si0,—AgCl
samples dried at 60. SO0 and 700° C are shown in
Fig. 3. The spectrum of the sample dried at only
60° C is identical to that of the sampie heated to
500° C. No nitrates or residual organic phases were
detected. Absorption bands at 1200. 1120, 800
and 3#60cm™" were observed, which correspond to
those typical of silica giass. The band at 9S0cm ™
has previously been reported in gel glasses {6] and
was attributed to Si—OH vibrations. The band at
3500cm™ is attributed to Si—OH stretching and
adsorbed water. The 950 and 3500cm™ bands

13

Figure 2 Same as i Fig. | after drymng at 60° C ind
2xposing 1o sunheht
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Figure 4 Same as in Fig. 3 after exposure to suntight.
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Wavenumber (cm™)

were greatly reduced in intensity by heating to
700° C.

During the drying process at 60° C the SiO,—
AgCl samples shrink considerably, reaching a
density of 1.85gcm™. Additional heat treatment
at higher temperatures does not appear to further
increase the density.

Growth of large crystals within gels is an old
technique for obtaining high quality single crystals
using slow growth rates, (see for example the
review in [7]). The process described in this paper
is the direct opposite of this old technique. Instead
of using very slow diffusion to grow on the very
few nucler, we use rapid nuclei formation to
obtain a large number of very small. evenly distri-
buted crystals within the silica gel. The method is
quite gencral und we have prepared a variety of
such  cerumic—~ceramic composites containing
BuSQO,. CdS. etc.. as the dispersed phase. The
method has not to our knowledge previously been
exploited uas a means of processing diphasic
ceramic compuosite materials.

The size of the silver halide crystals tormed
within the silica gel can be influenced by the con-
centration of cation present before the cryscailine
phase forms. Evidence tor this is provided by the
transparent and opaque  Si0,~AgCl materiuls
produced using ditfterentconcentrations of AgNO;.
[t s also likely that there 1s a correlation between
the silica gel microstructure (pore size) and the
size of the crystals fonned within the gel. it is
plausible that the largest crystais which can form

T T T T T T | RS RN S T T Figure 5 Infrared spectra of
Si0, ~AgCl sampies dried at
different temperatures.
L 700Q°C
pr——
[—1
9
2 500°C
€
"
(=3
°
==
60°C
1 i | S SR ] i | B S
3509 2500 1800 1400 1000 600

are those which contain the amount of cation
present within a singie gel pore. Since the gel
microstructure and gel formation time can be con-
trolled by altering the ratio of alkoxysilane to
alcohol and water [8], it should be possible to con-
trol the size and distribution of ‘the crystalline
phase by manipulation of these variables. Similarly
by incorporating appropriate habit modifiers in
the gel or solution it may also be possible to con-
trol the morphology of the dispersed phase.

The protons in silica gel are only weakly acidic
[9). This suggests that the silver cations introduced
into the silica gel are not bound to the gel surface.
but instead remain in aqueous solution in the gel
pores until the chloride anion is introduced and
the crystalline phase precipitated.

The addition of the crystalline phase signifi-
cantly alters the mechanical properties of the silica
gel before densification. For example, gels contain-
ing a small amount of AgCl show a much lower
tendency to crack during densification than pure
silica gels. [t appears that the introduction of low
concentrations of an additional phase may be a
usetul step in preventing cracking during heat
treatment, which is a common problem in the pro-
duction of monolithic articles via the sol—gel pro-
cess, the latter being the major focus of much sol—
gel research [10].

The variation of the diphasic xerogel process
introduced in this work is a novel method ot pro-
ducing photosensitive materials. Advantages of this
process which can easily be exploited are the large
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number of processing variables which can be mani-
pulated, allowing the size and distribution of the
crystalline phase within the silica to be controlled,
and the low temperature at which the photosensi
tive composite material can be produced.
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Abstract

Controlled microwave heating and melting of silica, alumina and
aluminosilicate gels were achieved in a 600 watt domestic—-type oven. The
microwave absorption mechanism of these gels is not yet clear. However, we
have been able to define the parameters whereby rapid heating (including
melting) is achieved for silica, alumina and aluminosilicate gels. Empirical
results indicate that the heating behavior is dependent on the chemistry,

structure, and mass of the gels.




29
lntroduction

The use of microwave radiation in ceramic processing covers a very
diverse set of purposes. Figure 1l clusters these uses into five sets. 1In
order to set the present work in perspective we differentiate the others from
our own.

1. The first category we label 'process control’ where microwave
radiation is used as a measurement or monitor of process parameters
such as moisture content, thickness, large flow density, etc. (see
Campbell and Shiversl).

2. A second category is, the best known use of microwaves, for drying
ceramic ware. This has a very long history going back at least to
the early postwar years (see Von Hippelz). The water molecule’s
rotational modes absorb in the 1-2 GHz region; this forms the basis
for all home cooking and drying of any articles containing water.

3. A third category is perhaps the newest of the applications. It is
the use of microwave plasmas to assist in the decomposition of
gaseous species and produces highly excited electronic states of the
elements that recombine to give metastable phases. The work by Kamo
et al.3 on diamond synthesis falls into this category.

4., A fourth category of research which has received much recent
attention4 by Johnson and Rizzo0 is the use of a microwave-plasma
assist in the sintering of oxides. This is distinect from the
category 3, in that no vapor phase material is converted to the

solid.

5. The fifth category is the one in which the present work falls. It is
absorption of microwave energy by solid ceramics as a source of

internal heating. There are two completely distinct families of
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materials to which this can apply. The first is the only one which

appears to be understood and which has been utilized in commerce.
Ferrimagnetic insulators such as ferrites absorb microwaves due to
the eddy current losses, and hence sintering of ferrites can be
accomplished in the clean non-contact environment of a microwave
cavity, see Krages.

This paper is concerned with certain observations of absorption of
microwave radiation in pure, simple oxide ceramics. Such reports have been
appearing with increasing frequency during the last year or two. Normally of
course, ceramic materials as a class are regarded as transparent in the
microwave region, but our own work and the papers we will cite show that this
is far from true for al’ ceramic materials,

Qur interes. ‘4 the field was stimulated by the paper by Haa56 who
reported that u0Oj could be melted in a home microwave oven. We were unable to
repeat this observation, even though we used various stoichiometries of
crystalline solutions, which we thought were the key to the absorption. Two
other observations were significant in stimulating our interest. The first
was the accidental, nearly explosive heating up and breakage of a Corning
‘Centura’-ware cup in a home oven. The second was the accidental melting at
1400°C of a 100 ml beaker full of a gel of complex aluminosilicate composition
in the same 600 watt oven.

In 1982, the literature on the solid-state heating to sintering
temperature and melting of non—magnetic ceramics was virtually non-existent.
There was no clear theory as to the possible mechanisms with the exception of
a study on B—A12037. We therefore undertook a preliminary, empirical study of
the phenomena involved in the microwave heating of simple oxide gels; this
paper presents the results of that study. Since-this work was essentially

completed, two papers have appeared in this area, one by McDowell8 reporting
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on possible reasons for the Corning Centura ware phenomenon, and the other by

9

Quemener’ on the clinkering of current compositions in a microwave cavity.

Compositions Studied

Experiments were conducted with alumina, silica and mullite gels;
sintered alumina and mullite were also studied for comparison with the gels.
Alumina gel was prepared by acidifying boehmite sols (Dispural) in water.
Twenty g of Dispural in 50 ml deionized water was treated with ten drops of
conc. HCl; this sets to a firm AlO‘OH—-H.zo gel in about 20 minutes. Silica gel
was prepared by mixing ethanol, tetraethoxysilane and water in a 15:4:1 volume
ratio and gelling at 65°C for four days in a water bath. Mullite,
3A1503°2510, gel was made by dissolving Al(N03)3'6H20 in ethanol mixing with
tetraethoxysilane and gelling at 659C for two days in a water bath. Sintered

alumina and mullite samples obtained from commercial source*® were used.

Experimental Arrangement

Microwave heating of samples was conducted in a 600-W, 2.45 GHz
commercial home microwave oven with a 13—-in. wide x 13-3/4-in, deep x 7-1/8-
in. high cavity containing an insulated 'chamber’'. The sample was placed
inside a cell made of a zirconia insulating cylinder with zirconia boards at
the bottom and top of the cylinder. The top board has a hole in the middle
for inserting a Pt/Pt, 10 Rh thermocouple which is covered with platinum foil
to prevent microwave absorption by the thermocouple ceramic shield. The
thermocouple was connected to a digital display from the back of the oven to

read the temperature, The zirconia cell was surrounded on all sides by 2-3

sMcDanel Refractory, Beaver Falls, PA.
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inches of fiberfrax insulation. The temperature was recorded every five
seconds as the heating progressed in the microwave oven.
The phases formed by microwave heating and the starting materials were

characterized by powder x—ray diffraction (XRD) using a Philips APD 3600 x-ray

diffractometer.
Results
Gels

The temperature attained at or near the gel surface in the microwave oven
is plotted against time for alumina gel (Figs. 2 and 3). These plots all show
a characteristic pattern: the temperature increases slowly for a period of
time (of some 5—15 minutes), when there is a sudden very rapid increase in
temperature which is also sustained for a long time. We designate the time
where there is a sudden increase in rate of temperature rise in the gel as the
triggering time. After considerable time it was realized that this triggering
time as well as the heating rate seem to be a function of gel weight. This
can be seen in Figs. 2 and 3. Figures 4, § and 6 show more clearly the
results of experiments designed to determine the effect of gel weight on the
triggering times for alumina, silica and mullite gels, respectively. These
results show that the triggering time decreased with an increase in gel weight
up to an optimum gel weight after which the triggering time reached a steady
state for a while and then seemed to decrease with an increase in gel weight
upon exposure to the microwaves with the configuration used in these
experiments. This trend is most obvious with the silica gel. At the optimum
weight, the triggering time for the three gels decreased as follows: alumina
gel < silica gel < mullite gel.

Figures 7, 8 and 9 depict the effect of gel weight on peak heating rates

for alumina, silica and mullite gels, respectively. These results also show
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that the heating rate remained steady up to a critical weight and then

increased suddenly. For masses above this critical mass, the peak heating
rate seemed to reach a steady state using the particular insulating
configuration.

The data also establish that the peak heating rate was also a function of
the composition of the gel. At the optimum weight, the peak heating rates
were arranged as follows:

alumina gel > silica gel > mullite gel.

The temperatures were recorded with a Pt—Rh thermocouple up to 1500°C and
then the microwave oven was turned off. These temperature measurements were
quite accurate, unlike the earlier studiess'10 where approximate temperatures
were measured. X-—-ray diffraction analysis of the alumina, mullite and silica
gels heated to 1500°C revealed the crystallization of corundum and mullite in
the former two while silica remained amorphous. When melting of the gels was
the objective, the thermocouple was removed and the microwave heating was
ccntinued for about tenminutes. Silica gel could be melted in the present
configuration but not alumina or mullite gels. Porous, very low density

silica was obtained by melting the silica gel.

Sintered Alumina and Mullite in Microwave Cavities

In order to test the role of the water and the detailed microstructure of
the gel, the heating of the gels was compared with the microwave absorption
and heating of sintered materials such as alumina and mullite. The Al, 04 did
in fact heat substantially, the mullite much less so. The average peak
heating rates of sintered alumina and mullite were 16° and 6°C/sec.
respectively, while that of the insulated chamber itself was 8°/sec. (Fig.
10). It will be seen that these peak heating rates of sintered alumina and

mullite, were much lower than those of the respective gels (Figs. 7 and 9).
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Since it was to be expected that the dielectric loss at 2.45 GHz would
increase with temperaturell, and a certain minimum absorption rate would be
necessary to allow the ‘runaway’ condition to start, experiments were
conducted with preheated sintered alumina and mullite.
The triggering times for such preheated sintered alumina and mullite were
determined for different temperatures and are shown in Fig. 11. The results

show, as expected, that the higher the initial temperature, the shorter is the

triggering time.

Discussion

What has been established in this study is that a 'eritical mass’ of a
gel of pure Sioz, Alzos, and at least some silicates could be heated to
between 1500-1750°C in a few minutes in a 600 watt 2.45 GHz home oven. The
mass required is in the order of 10-20 gms. There is definitely some chemical
composition dependence of the microwave absortion since A1203, Si0,, and
mullite gels behave very differently. Studies of sintered alumina and mullite
materials in comparison with gels of same composition show that structure of
material clearly makes a marked difference in triggering rapid heating and the
peak heating rate. 1In these materials (e.g., 8102) the loss mechanism is far
from clear. It is impossible to speculate at this stage on the precise
relaxation mechanism for the microwave radiation absorption by these gels
since there is no informaticn on the dielectric properties of gels. We hope
to measure the abSOJZion spectra of gels with a 10 MHz-100 GHz spectrometer
which will be set up in our laboratory in the very near future and then it
will be possible to decipher the mechanism. 1In these gels, there is no sodium
ion to be responsible for the loss by rattling in a cage which has been
suggested as the mechanism for the high microwave susceptibility of pure

sodium nephelinea. The role of the size and shape of the sample in relation
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to the wavelength at 2.45 GHz has yet to be studied. Also, the role of
microstructure of each gel which is dependent upon various process

12

parameters also needs to be investigated. Such detailed studies are

underway.

Co sions

It has been demonstrated that alumina, silica and mullite gels could be

heated rapidly to very high temperatures in a 600 watt kitchen oven with
proper insulation. In fact, silica gel was melted under the present
experimental conditions. Studies are presently underway to unravel the
mechanism for the high susceptibility of the gels to microwave radiation.
With the emergence of sol-gel technology in the ceramic industry, the high
susceptibility of gels to microwave radiation gives an excellent processing

option.
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Figure Captions
Use of microwave radiation in ceramic processing.
Dependence of temperature on microwave heating time for 6g alumina
gel.
Dependence of temperature on microwave heating time for 14g alumina
gel.
Dependence of triggering (sudden rise in temperature) time on
alumina gel weight.
Dependence of triggering time on silica gel weight.
Dependence of triggering time on mullite gel weight.
Peak heating rate plotted against alumina gel weight.
Peak heating rate plotted against silica gel weight.
Peak heating rate plotted against mullite gel weight.
Peak heating rate vs. preheating temperature for sintered alumina,
sintered mullite, and insulated chamber.
Dependence of triggering time on preheating temperature for sintered

mullite and sintered alumina.
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Microwaves and Ceramics
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NUCLEATION AND EPITAXJIAL GROWTH IN DIPHASIC (CRYSTALLINE + AMORPHOUS) GELS
Rustum Roy, Yoshiko Suwa, and Sridhar Komarneni, Materials Research

Laboratory, The Pennsylvania State University, University Park, PA 16802

1. INTRODUCTION

1.1 SG, The Route to Homogeneous Ceramics

The sol-gel (SG) process as a route to homogeneous ceramics and glasses
was conceived, demonstrated and applied in some thousands of ceramic
compositions by the senior author and his colleagues and students starting in
July 1948. 1In the decade following we reduced to routine practice the mixing
in solution (starting with both inorganic and organic precursors many of
which were rare chemicals in those days) and thence the formation of sols, and
then gels and xerogels. We covered all the most common ceramic oxide
compositions (involving Al, Si, Ti, Zr, etc.) (1-5) in both simple and one-
component and complex up to §- and 6—~component systems. This discovery of
making ultrahomogeneous oxide solids via the SG route instead of the oxide
powder mixing route became widespread in the community of experimental
geochemists and petrologists. Literally hundreds of papers were published
employing our sol-gel method to make homogeneous multi-component oxide
compositions. Nearly two decades elapsed before the ceramics community became
aware of its potential and then only in the industrial research laboratories.

Technologically, till the mid-sixties these papers stimulated very little
interest. The catalyst industry (e.g., the Filtrol Corporation, which nad
supported some of our work) used aluminosilicate gels extensively, and Dupont
where the pioneering work of R.K. Iler on sols was done and the, then, new
silica sol products under the trade name 'Ludox’' developed, were exceptionms.

Between 1965 and 1980 the pace of research in industry on techpolomical

applications of the sol-gel process was intensified in a few corporations and
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new products were successfully introduced or partially developed and

abandoned:

1. Nuclear fuel pellets at Oak Ridge (6).

2. Ceramic fibres by 3M and Carborundum (7), including non-oxide fibers (8).

3. Abrasive grain by 3M (9).

4. Glass melting research done on a small pot-scale by Bausch and Lomb was
extended to full tank scale in a very substantial development effort by
Owens-Illinois (10). But this was terminated just before the oil price
shock, just when its energy-conserving advantage might have helped.

5. Two obvious areas of applications: 1large area thick (1 mil. +) c¢oatings

and bulk ceramics received considerable industrial attention, but they had

not been successfully translated into major products. The more recent

successful work of Yoldas (11) in the coatings area showed not only that
one could make excellent coatings from organic precursors, but also that
these could not be made very thick (>>1um),

We regarded the various products with satisfaction as the much delayed
technological developments based in general on the ’'science’ of the fifties of
solution mixing and subsequent gelation and firing. What is relevant to this
paper is the fact that tbe products of the science, and of all these
technologies, were maximally homogeneous ceramics and glasses. The recent
voluminous literature on sol-gel structures and processes which has
accumulated in the last four or five years is likewise exclusively devoted to
the same goal--homogeneous materials.

1.2 The New Direction: Maximally Heterogeneous Napocomposites

In 1982 the senior author first reported (12) that the sol-gel route used
by everybody (including himself) exclusively to make such paximally
homogeneous ceramic materials, could be turned around to.make paximally (i.e.,

in the degree of interpenetration of phases), heterogepeous materials. Under
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this rubric we have now demonstrated a wide range of possibilities of using

the sol-gel route for making this wholly new class of materials which we call
'nanoscale composites’ derived from 'di (or multi) phasic xerogels.’

A nanoscale composite (including the di-phasic xerogel) is a material
which has two (or more) phases with the physical dimensions of the phases
lying in the range 1nm to 10nm. The two phases may differ in either
composition or structure or both. Thus we can have a nanocomposite of 10nm
5102 and 10nm A1203 particles, or 10nm A10CH and 2.5nm AgCl, or 10nm rutile
crystals + 100nm noncrystalline TiOZ, or 10nm AlQOH + 20nm a—A41,03. The
significance of some members of this class of nanocomposite materials is just
beginning to be appreciated. In the metals area Gleiter and Marquardt (13)
for instance title their 1984 paper 'Nanokristalline Strukturen ein Weg zu
neuen Materiales,’ Schechtman, Blech, Gratias and Cahn (14), and Levine and
Steinhardt (15) in very recent papers in Phys. Rev. Letters (November 1984 and
to be published, 1985) show for example, that in certain rapidly quenched
alloys (Al86:Mnl4) one observes extraordinary crystallographic structures or
quasi-crystals with the five—-fold icosahedral symmetry disallowed to crystals
with large sizes and translational symmetry. We had already approached the
making of such very finely heterogeneous material from the vapor phase by co-
sputtering of ceramics + ceramics, ceramics + metals and ceramics + polymers
some years ago in this laboratory. The papers by Messier, Roy (R.A.) and
Cowley, and Roy (R.A.) and Cowley (16,17) described for example the
extraordinary structure of the ~2nm gold crystals dispersed in a A1203 matrix.
However, both the methods referred to in the referenced papers--the very
recent rapid solidification of a melt or earlier co-sputtering--have severe
limitations on compositional flexibility, volume of samples, etc. The success
of the current series of experiments summarized in this paper is in the

synthesis of an array of these new materials--nanoscale composites--via the
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sol-gel route. This method provides an enormous flexibility with respect to
variation of composition and structure, and metastable energy storage combined
with relative ease of preparation, for the making of nanoscale composites and
products derived therefrom.
1.3 Epitaxial Growth in S-V, S-L and S-S Systeas

During the development of the SG process we had reasoned that the ideal
method required a true ionic or molecular single phase solution of all the
components, so that homogeneity was guaranteed in the smallest possible
volume. Where we could change the solution to a solid by change of some
intensive variable without permitting fractionation we had achieved our goal.
As we found that use of 10-100nm SiOy-sols (Ludox) or Al,03-sols appeared to

make hardly any difference in the FINAL product after firing to make glasses

or ceramics, it became clear that at these highest temperatures and the
longest times differences in homogeneity (in the original gel) between 0.5nm
and 5 or 50nm were obliterated by diffusion and reaction in these times. But
at lower temperatures or shorter times the di-phasicity made a great
difference,

We have already noted that the two phases in a nanocomposite or a
diphasic xerogel may differ in composition or in structure, and the
possibilities of using structurally diphasic materials at low temperatures was
worth exploring. The concept of 'seeding’ by providing a lower activation
energy path to the nucleation of the thermodynamically (more) stable phase is
well known. Perhaps the best known example is the hetero-homo® epitaxy of
Hzo-ice on Agl seeds during vapor-solid condensation. Even in the L-)>S--melt
solidification-—-cases however, epitaxial effects except in garnet and

semiconductor technology have not been studied in great detail, although they

*The first descriptor refers to the composition, the second to the structure.
Thus, Si on Si is homo—homo epitaxy while BN on diamond is heteroc-homo, and
NH4I on mica is hetero—hetero.
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are often assumed to exist. Only recently Fang and Roy (18) attempted to

quantify the lattice mismatch required for hetero-hetero epitaxial growth of
ADP, and TGS on mica. Simple ratios of lattice mismatch were shown to be
insufficient guides. We have very little work in the case of pure S->S
epitaxy, i.e., overgrowth of a crystalline phase by solid phase reaction in
the presence of an epitxial substrate, we have not found any literature. In a
manner of speaking, various topotactic reactions (19) in complex silicates may
be thought of as a self-seeded epitaxy, where one part of the structure
provides a persisting structural element which controls the formation of the
final product. Martensitic phase transitions may also be treated as examples
of solid phase epitaxy (20) in this limited sense.

As we embarked on our new emphasis of studying the science of
heterogeneous or diphasic gels the role of seeding in the sol-gel process
became important. Two radically different mechanisms are to be distinguished.
The first is the mutual interaction of charged colloidal particles and the
possible resulting mutual orientation of the two particles. From the
classical work of Biltz summarized by Zsigmondy in 1905 and 1925 (21,22) one
notes that '‘protective colloids’ have a particular relation to each other.
Figure 1 illustrates Zsigmondy’s picture of the specific ’protection’ of a Au
sol particle by gelatine particles, with a reversal of phases occurring when
the ratio of sizes is reversed. Such mutual interactions which are at least
(in part) controlled by the charge on the particles can only occur in mixed
sols of relatively low viscosity. While the role of the charge on the
particle is clear, what is less clear is whether the structure of the solid
phase can cause a specific mutual orientation between particles.

That crystal ’'structure’ plays some role is evident from the well known
technique of ’'decorating’ clay particles with colloidal gold. Here the

diphasic sol on dehydration results in a solid with gold particles being
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adsorbed on the edges of the dominantly hexagonal clay platelets (23).

Qur purposes in the work on the diphasic xerogel regime were very
different. It was to catalyze reactions to attain equilibrium within the
final solid assemblage most easily. Thus very early (1949) in our studies
with gels, in order to get reaction at the lowest temperatures we introduced
the practice of seeding of gels with the same structure as we expected in the
final product. Indeed it was found that the phase diaspore (AlOOH) could not
even be formed without diaspore seeds in an alumina gel (24). We were later
able to over-ride this requirement of seeds by using higher pressure and no
seeds (25). Similar results were obtained with a—spodumene and many
geochemical workers adopted the practice of seeding gels to catalyze the
crystallization of the phase expected to be at equilibrium under the p,t
}conditions of reaction (26). The mechanism for the efficacy of such seeding
was assumed to be by transport of Al and oxygen ions via the solution phase.
The final element of our previous SG research that was relevant to our
conceptualization of the present nanocomposites was our research on crystal
growth in gels. For instance, in McCauley and Roy’s work (27) on the
formation of CaCO; crystals in Si0, gel it was possible to control the
structure of the crystalline phase (whether calcite, aragonite or vaterite) by
adjustment of ion activities. In this work we were able to actually
demonstrate the epitaxial control of the final phase (i.e., aragonite growing
on Sr or Mg-rich seeds, by finding the original nucleus inside the final
crystal and analyzing it in the electron microprobe. In this case of course,
although the gel network is critically controlling the diffusion, we are
dealing with a L->S crystallization reaction.

Thus our present experiments have been designed to demonstrate the use of
the SG route to make two classes of diphasic xerogel ceramic materials which

are themselves nanocomposites and which can be precursors for making at lower
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temperatures, nanocomposite ceramics (or cermets) or single phase ceramics

with a fine nanostructure, as shown below.

210m
(——>
(4) VARIOUS REACTS AT
> _—
S.G. ROUTES LOWEST TEMPS
DIPHASIC SINGLE PHASE,
(Different FINE
compositions) NANOSTRUCTURE
XEROGEL (e.g. Mullite)
(B) VARIQUS SINTERS AT
> —_—)
S.G. ROUTES LOWEST TEMPS
DIPHASIC SINGLE (OR MULTI-)
(Different PHASE, FINE
structures, NANOSTRUCTURE
same (e.g. Rutile,
composition) corundum,
XEROGEL spinel + corundum)

Most of the results presented here deal with the (B) situation; and the
novelty of what is reported herein is that the presence of positive effects of
the second (seed) phase on the reaction temperatures prove the importance of
epitaxial effects in purely solid state reactions.

2. EXPERIMENTAL

As described in our earlier papers on diphasic gels (28,29) we have
developed two different methods for making such materials. These are
adequately summarized in Fig. 2. Readers are referred to the above-noted
papers for details.

For the vast majority of experiments reported herein we have used Method

I1. We thoroughly mix two pre—existing sols at low viscosities so that we can
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assume ‘perfect mixing.' A gel is then formed from the mixed sol, dried and

in part heated to an anhydrous (xerogel) condition, and used for further
characterization and other reaction studies.

A great deal of our data on the thermodynamics of the xerogel—>ceramics
transformation was obtained by DTA, using the Harrop (Model TA700) and Perkin-
Elmer (Model DTA1700) instruments. X-ray and SEM characterization has been
done on most samples at various stages of the heating cycle. Optical
microscopy proved to be significant in establishing the extraordinarily large
corundum crystals obtained under certain conditions. Further details on the
experimental conditions are included in the results.

3. RESULTS
3.1 Solid-State Epitaxial Effects in One—Component Diphasic Systems

3.1.1 The System TiO,

A TiO, gel was made by the method described elsewhere (30). We have
studied the solid phase in thin sol in detail by XRD and TEM and established
that it is an anhydrous noncrystalline oxide, and that it shows no
crystallinity until at least 200°C,

By adding a rutile-sol and mixing thoroughly prior to gelation of titania
we created a series of diphasic gels so that the total solid phases contained
0.2, 0.5, ... 5% by weight of 0.1 ym rutile crystals. The unseeded and seeded
gels were dried at 400°C to remove most of the organics prior to the DTA runs.
Figure 3 presents the data. The DTA pattern shown at the top in Fig. 3 shows
that the titania gel crystallizes to rutile (via an anatase stage) at
approximately 900°C under the dynamic conditions of the DTA experiment. The
most striking finding is that with 0.2% of rutile seeds, the diphasic xerogel
transforms to rutile nearly 250°C lower than the unseeded T102 xerogel, as is
shown in the bottom curve of Fig., 3. |

The DTA curves for higher concentrations of seeds show that there is
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virtually no further effect after approximately 0.2%., It is obvious that

seeding profoundly alters reaction and sintering of rutile ceramies.

3.1.2 The System A1203

3.1.2.1. DTA. 1In this case the experimental data have so far been
obtained mainly for the slightly less straightforward case. We used a
boehmite (A10°OH) sol (~20 nm particle), not precisely isoplethal with the sol
of a—Al,0; seeds (~100 nm). However, the diphasic xerogel obtained at
approximately 500°C when the boehmite has dehydrated to a '1—A1203’ phase is
truly isoplethal. The results comparing the unseeded and seeded gels with
increasing wt. %'s of corundum seeds are shown in Fig. 4. These data are
parallel to the TiO, data with a marked (~150°C) lowering of the 6—a
transformation exotherm from 1280° to 1150°C with the addition of only 0.1%
seeds. Higher concentrations do not significantly lower the 6—a monotropic
transformation further.

3.1.2.2, Microstructure. In a completely separate series of experiments
a similar boehmite sol was quickly gelled by evaporation and thin layers of
the xerogel heated to 1150°C for 30 minutes. To our surprise we found that
the a—A1203 crystals which formed from what were originally 20 nm grains were
10-15 pym in diameter. Figure 5a shows them in polarized light. While
detailed examination shows that there are low angle grain boundaries within
the 10 ym grains, this is remarkable grain growth indeed. When the sol was
seeded with the 0.2% a—A1203 seeds and the experiment repeated, no large
crystals could be found at all (Fig. 5b), the grain size was submicron and
cannot be discerned optically. Details are reported elsewhere (31),
3.2 Epitaxial Effects in Two-Component Diphasic Systems

3.2.1 Addition to Alumina and 93% Al,03;-T% MgO Gels

We have also explored the existence of hetero-homo and hetero-hetero

epitaxy effects in diphasic xerogel-derived ceramics. This has been attempted
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by the addition of crystalline seeds isostructural with a-41,03 (i.e.,

Fe,04 [corundum] and Cr2°3[cor-undum]) to boehmite sols, and subsequent gelling.
In order to check whether the effects being found were, in fact, structural
epitaxy and not colloidal phenomena of the Zsigmondy model of protection
colloids, we added also Siozlquartz] seeds, and MgAl,04 seeds. The quartz
(see Fig. 6) shows no effect con the 6—a transition, and while Fe,0; does show
a lowering of 30°C, the Cr,03 shows hardly any. The lattice mismatch with
Fe,05 is 5.86% and with Cr,03 is 4.56% for the C parameter,

The 93% A1203-7% MgO composition was studied as an example of a binary
system in which both a—A1203 and spinel would crystallize at equilibrium at
1150°C, It is also of particular technological significance since the
composition of the 3M Regal abrasive grains is near this composition. Due to
the known topotactic relations between the corundum and spinel structures
manifest in the exsolution of the former from the latter and because spinel,
unlike corundum, can hardly be made into a noncrystalline solid, it was
considered worthwhile to investigate whether the spinel structure seeds could
nucleate the spinel or the corundum phase. The data are shown in Figs. 6 and
7. The effect appears to be slight and not too surprisingly so. Epitaxy
would of course, only occur on the (111) plane of spinel, and in general the
cubic close packed oxygen array of spinel is not an effective substrate for
the hep face-shared octahedra of corundum. Figure 7 compares the effect of
spinel &and corundum seeds on the 6-a transformation as a ftunction of
composition. About 0.2 weight percent of seeds is clearly a saturation level.
This would appear to correspond to the growth of grains of approximately 2 um
in diameter on seeds 0.2 pm in diameter (assuming spherical morphologies).

3.3 Compositionally Diphasic Nanocomposites Derived from Diphasic Xerogels

This paper has focussed on the very important changes which can be

achieved by making nanocomposite precursor ceramic powders where the two

10
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phases are structurally different. However, we have earlier demonstrated that

gompositionally diphasic xerogels differ even more radically in the reaction
rates and patterns. Hoffman, Roy and Komarneni (29) have provided the data at
the mullite composition where the mullite formation exotherm at 980°C is
completely eliminated. These diphasic xerogels have been shown to sinter much
better than the single phase xerogels as measured by the densities (Table 1)
attained under identical conditions. We believe that the exceptional results
obtained by Prochaszka (32) on transparent mullite ceramics may be attributed
to this probable use of diphasic gels.
4. CORCLUSIONS

We have presented here sufficient data to show that we have discovered a
generalized process to make a new class of materials—-nanocomposites. By
utilizing the guidelines of structural epitaxy even 0.1% of such seeds can
affect the reaction and obviously therefore the sintering behavior. [The
temperature and microstructure differences in such sintering of the a—A1203
seeded boehmite have been reported recently by our colleagues Kumagai and
Messing (33).] Our other data show that we can fully expect that the
generalized principle of solid-state epitaxy will therefore likely become
widely used in ceramic processing.

However, of at least equal significance are the compositionally
heterogeneous nanocomposite precursor mixtures made by the diphasic xerogel
route. By designing binary ceramic powders as heterogeneous nanocomposites it
should be possible to achieve very substantial (200-300°C) lowering of
reaction and sintering temperature.
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ABSTRACT

Hydrothermal preparation of ultrafine powders from gels in one-component
and two-component oxide systems are reported here. Under specified conditions
the process can yield almost monodisperse anatase (25-35 nm), rutile (100-300
nm), monoclinic zirconia (10-32 nm), tetragonal zirconia (~ 5 nm) and zircon
(~75 nm). The control possible by use of diphasic gels is demonstrated by the
fact that single phase zircon gel can be made into vermicular aggregates of
zircon particles while the diphasic gel yields equant isolated particles.
Ultra-fine corundum and mullite powders could not be made from the respective
gels in the temperature range of 300° to 700°C, because of the extremely rapid
kinetics. Large (10-50um) beautifully faceted crystalline powders result
instead. Fine (5um) monodispersed corundum crystals, however, can be prepared

from 7—A1203.
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I. INTRODUCTION

Fine powder preparation is an integral part of the modern ceramic
research and industrial processing and there are numerous methods of fine
powder preparation, These have been reviewed by various authors (1-3). Among
these, however, the hydrothermal method has largely been ignored. Yet from
the preparation of single crystals of quartz for high technology applications
to autoclaved cement block for low technology applications the hydrothermal
route is now an established ceramic process in industry. With the ever
increasing energy costs, the hydrothermal method could possibly become very
attractive for fine powder preparation because of the low-temperatures
involved in this method. This is one motivation behind this re-examination
of the hydrothermal process for making fine ceramic powders.

Since 1948 we have developed and exploited hydrothermal processes for a
variety of objectives at Penn State:

Making highly crystalline ceramic powders at very low
temperature (4-5).

* Synthesizing low temperature hydroxylated and anhydrous
?2337? in hundreds of one to five component ceramic systems

Studying equilibrium in phase transitions which occur below
about ~1000°C in oxide systems (10-12).

Making highly ordered ceramic powders of phases which have
the potential for site disorder, e.g. in feldspars for Al, Si
(13), MgAl,04 for Mg, Al (14) and Li Alg0g for Li, Al (15).

These cases represent examples of special ceramic powders which can ONLY
be synthesized by the hydrothermal process. No other method known can be used
to make such powders. Moreover, Jjust as only hydrothermal methods can give us
more nearly site-ordered phases, so also only hydrothermal methods can give us

reasonably perfect fine, crystalline powders. For example, it is impossible

to obtain fine (lum or less) powders of crystalline quartz by grinding (16,17)

|
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or by any other means.

In our early work some of the powders especially in the relatively
complex composition of the (alkali) magnesia and/or alumino-silicates (7,8)
such as the clays the powders were in fact very fine (<<ip). 1-2um crystals
such as in the Mg3Ge,0q(0Hy) (Magnesium-germanium chrysotile) (6) were
regarded as large. However, it is only recently that Somiya and his co-
workers have in a series of papers (18-21) utilized the hydrothermal method to
make very fine (10-100nm) simple oxide powders of Zroz, Hf0, etec., of
controlled composition and structure.

Likewise{ very recent work has also focussed on ‘reactive hydrothermal’
synthesis of powders whenever the H20 is a reactive component in the system.
Here also Somiya and his co-workers have pioneered with their work on forming
sintered or fine grained Zr0, and Hf0, ceramics from Zr or Hf metal (22-24).
Stambaugh and Miller (25) have utilized the activity change under hydrothermal
conditions to precipitate oxide powders; and Kutty et al. (26) have cleverly
reduced-metal hydroxides via this method.

In the present study we embark on examining the potential of the
hydrothermal process in the preparation of fine ceramic powders in both one

and two-component systems starting with single and di-phasic xerogels.

II. EXPERIMENTAL PROCEDURE
(1) Starting sol-gel materials

Titania gel was made?” by initially mixing 18 ml of ethanol, 50 ul of
concentrated nitric acid and 720 pl of water, followed by mixing with 4.8 ml
titanium tetraethoxide, Ti(OCZH5)4. The gelling occurred in 1-2 hours at room

temperature., Titania gel was also made by the H202 treatment procedure..z8
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Zirconia gel was made by initially mixing 18 ml of ethanol, 50 ul of

concentrated nitric acid and 720 pl of water, followed by mixing with 13.6 ml
of zirconium isopropoxide Zr-i-(0C3H,)4. The gel was obtained immediately at
room temperature, Other Zr0, gels which are almost clear were also made using
higher concentrations of nitric acid. Zr02 precipitated by slow hydrolysis in
air of Zr isopropoxide in propanol and zirconia precipitated from Zr0012 in 1N
NaOH were also used, the latter after washing free from soluble salts.

Alumina gel was made from boehmite, A100H (dispural) by dispersing in
water and by dropwise addition of 1N HNO; while stirring. Translucent gel was
obtained in about an hour. The gel was dried at 60°C prior to its use in
hydrothermal experiments.

Single phase Zr02—8102 (ZrSiO4) gel was made by mixing appropriate
volumes of Zr0Cl,.8H,0 and tetraethoxysilane, Si(0CyHs), and aging at 60°C.
Clear gel was obtained in a few hours. Diphasic Zr0,-Si0, gel was made by
mixing appropriate volumes of zirconia sol and ludox, silica sol and aging at
60°C.

Single phase mullite, 3A1203QSi02 gel was made by our standard methods
(29) of mixing appropriate volumes of tetraethoxysilane and aluminum nitrate
in alcohol-water solutions followed by aging at 60°C. This gel was denitrated
at 400°C prior to the hydrothermal treatment. Diphasic mullite gel was made
by mixing appropriate amounts of boehmite (dispural) with ludox followed by
aging at 60°C and the sample was dried at 400°C,

(2) Hydrothermal treatment

The various gels along with water were loaded into gold capsules and
sealed by cold-welding (30). In some cases HCl or HNO3; was used as a
mineralizer (see Table I). The sealed capsules were hydrothermally treated in
cold-seal vessels at a range of temperatures and water pressures for different

durations (see Tables I and II). The gold capsules were weighed before and
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after hydrothermal treatment to check for the integrity of the capsules.
(3) Characterizat of reaction product
After hydrothermal treatment under various conditions, the capsules were
opened and the reaction products were separated and washed with deionized
water. All the reaction products were characterized by powder x-ray
diffraction (XRD) using Philips x-ray diffractometer with Ni~filtered CuKa
radiation. Some of the samples were characterized by scanning electron
microscopy using an ISI-DS 130 instrument and by transmission electron
microscopy (TEM) and selected area diffraction (SAD) using a 420 Philips

microscope.

III. RESULTS AND DISCUSSION
(1) Ultrafine TiO powders

The phases resulting from the hydrothermal treatment of titania gels are
given in Table I. Titania gel made in H,0, and treated at 4509C formed thin
plates of anatase which are on the order of 25-35 nm (Fig. 14). At 500°C,
however, they formed very thin laths of rutile which are on the order of 200-
350 nm (Fig. 1B). These thin lath-like rutile crystalé could not be imaged
at all in the SEM; the rutile mass appears to slide (Fig. 2). The reason for
this unusual behavior is not clear but is associated with powder consisting of
ultra-fine and thin particles. Titania gel made in ethanol crystallized to 20
nm anatase crystals (Fig. 1C) at 400°C and to 100-300 nm sized rutile plates
(Fig. 1D) at 450°C. Titania gel made in ethanol transformed to rutile at a
lower temperature than the titania gel made in Hy0, (Table I). Anatase can be
crystallized from both gels at temperatures as low as 200°C, Thus
hydrothermal treatment provides a method for making high surface area,
ultrafine well crystallized anatase and rutile from titania gels at very low

temperatures and modest pressures. The effect of pressure on the
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crystallization of titania gels has not been investigated here but is not
expected to be very significant and both the pressure and temperatures for
obtaining these powders can no doubt be reduced if needed, especially if some
‘mineralizer’ is permitted.
(2) EFormation of Ultrafine Zr0, poweders

Somiya et al. have already prepared fine Zr0, powders (18,19). Our data
on transformations of zirconia gels under different hydrothermal conditions
are presented in Table I. All the hydrothermal treatments in this p-t range
either resulted in baddeleyite (monoclinic Zroz) or baddeleyite + metastably
persisting tetragonal Zr0,. Treatment of Zr0, gel in 0.1N HCl at 250°C
resulted in 6-10 nm sized particles of monoclinic + tetragonal Zr0, along with
some undifferentiated gel (arrows, see Fig. 34). At 400°C, both monocliniec
and tetragonal Zr0, remain in the presence of deionized water and 0.1N HC1l but
formed only monoclinic, ultrafine ZrOz in 1N HCl. At 450°C, only monoclinic
ir0, formed from zirconia gel and the particles are on the order of 10-30 nm
in size (Fig. 3B). The particle size of the monoclinic Zro2 prepared here is
smaller than that reported by Tani et al., (1981)7. but shows the same
morphology. Zr02 precipitated in NaOH resulted in almost monodispersed rod-
like monoclinic Zr0, (Fig. 3C) at 450 and 500°C. The particle size of the
monoclinic Zr0, formed from zirconia gel is smaller than that made from Zroz‘
precipitate in NaOH. The presence of trace amounts of Na in the latter seemed
to catalyze the reaction to form somewhat larger particles. Hydrothermal
treatment at 500°C of zirconia obtained from slow hydrolysis of Zr-
isopropoxide formed a mixture of ultrafine monoclinic and tetragonal Zr0,
(Fig. 3D) powder. Pure tetragonal Zr0, was made at 120°C by treating
amorphous Zr0, in 4N NaOH for 20 hrs. These results show that by appropriate

adjustment of the hydrothermal conditions, ultrafine zirconia powders of the
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desired crystal structure, including chemically pure and metastably
persisting, can be obtained for potential use in modern ceramics, electronics,
ete. Cubie ZrOz, was never observed.

(3) Formation of ultrafine well crystallized Al,O3; powders

Hydrothermal treatment of boehmite gel under a wide variety of different

conditions never yielded ultra fine corundum powder (Table I) but formed large

crystals (10-60um size) at 500°C (Fig. 4) after treatment for 24 hrs.
Reduction in treatment time to 2 hrs at 500°C did not produce fine pure a-
Al,03 powders (Table I) but resulted in some corundum crystals + unreacted
boehmite. Thus fine powders of a~Al,03 could not be obtained from the
boehmite gel. However, preparation of § pm corundum fine powder has been
achieved by treatment of 7~A1203 at 450°C in 6 hrs.
(4) Hydrothermal treatment of single and diphasic mullite gels

Fine mullite powder could not be made from both single and diphasic
mullite compositions under various hydrothermal conditions (Table II). Under
the conditions used, the most stable phase appears to be hydralsite (8) as
indicated by its presence in all the runs. Only in the case of diphasic
mullite gel, some mullite could be detected by XRD. The crystallization of
mullite in the diphasic gel unlike in the single phase gel may be attributed
to the slow reaction in the former to form hydralsite because of discrete
silica and alumina phases. Transmission electron microscopy revealed the
presence of mullite needles of about Spm length (Fig. 5A) and SAD confirmed
their presence (Fig. 5B). Rapid initial heating and heating to higher
temperatures may be necessary to prevent the formation of hydralsite prior to
the crystallization of mullite. These observations are consistent with the

results recently reported by Somiya and coworkers (31).
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(5) Hydrothermal treatment of single and diphasic zircon gels

There is a clear difference between the single and diphasic zircon gel
reactions under hydrothermal conditions. The single phase zircon gel resulted
in zircon only under all the treatment conditions whereas the diphasic gel
resulted in zircon and monoclinic ZrQ, at low temperatures and zircon only at
high temperatures (Table II). Thus in the diphasic zircon gel, the ZrO2 and
8102 sol particles appear to react independently where as in the single phase
zircon gel the atomic scale mixing led to‘zircon formation under all
conditions. The zircon formed from single phase gel aggregated into
vermicular morphological entities (Fig. 6A) and shows crystals on the order of
~75nm (Fig. 6B) whereas the zircon formed from diphasic gel shows thin
platelets of ~75nm. Fine powders of zircon are, thus, prepared at a much
lower temperature under hydrothermal conditions than possible under dry firing

conditions.

IV. Conclusions

Ultrafine powders of titania, zirconia and zircon were preparéd under
hydrothermal conditions. The smallest particle size obtained in these studies
for anatase ranged between 25 to 35nm, for rutile between 100 to 300nm for
tetragonal zirconia between 5-6 nm and for monoclinic zirconia between 10—
30nm. Zircon powders consisting of (75nm particles were obtained for both
single and diphasic zircon gels. Hydrothermal processing of fine powders
needs much lower temperatures than dry firing conditions and therefore,

considerable energy savings are possible.
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TABLE I. XRD and TEM Analysis of Titania, Zirconia and Alumina Gels
After Hydrothermal Treatment®
Hydrothermal Rection Products Morphology
Sample Treatment by XRD by TEM
Ti0, gel-H,0y 450°C/100MPa/3 hrs Anatase Thin plates (25-35mm)
T10, gel-i#,0, 500°C/100MPa/24 hrs Rutile Thin laths (200-350mm)
T10, gel-C,HgOH 350°C/100MPa/3hrs Anatase Thin plates (40-60nom)
T10, gel—CZHSCH 400°C/100MPa/3 hrs Anatase -
Ti0, gel-C,lgOH 450°C/100MPa/3 hrs Rutile Plates (100-300mm)
T10, 8el-C,Hs0H 500°C/100MPa/3 hrs Rutile Plates (300-1000mm)
ir0, gel-C,HsOH 250%C/4MPa/5 hrs Very poorly crystalline Plates (6-10mm)
+0.1N HN03 Baddeleyite + tetragonal .r0,
irQ, gel-CoHgOH+ 350°C/100MPa/3 hrs Amorphous -
1N HCl
IrQ, gel-C,HeCH+ 400°C/100MPa/3 hrs Baddeleyite Plates (20-40m)
1N Hea
ZrO2 gel-C2350H+ 400°C/100MPa/3 hrs Baddeleyite + tetragonal Zroz -
0.1N HC1
Zr0y gel-C, H CH 400°C/100MPa/3 hrs Baddeleyite + tetragonal Zr0, -
r0, gel—CZHSOH 450°C/100MPa/3 hrs Baddeleyite Plates (10-30mm)
2r0, gel-C3H,O0H 500°C/100MPa/24 hrs Baddeleyite + Tetragonal ZrQ, Plates (20-60m)
Zr0,-NaOH 450°C/100MPa/3 hra Baddeleyite Rods (100-200mm)
Zr0y-NaCH 500°C/100MPa/24 hrs Baddeleyite Rods (50-150mm)
AlOCH gel 300°C/50MPa/2hrs Boehmite -
A1OOH gel + 1.0N HCl 350°C/100MPa/3 hrs Boehmite -
AlOCH gel + 1.0N HC1 400°C/100MPa/3 hrs Boehmite —_
ALlOCH gel 400°C/100MPa/3 hrs Boehmite -
ALOOH gel + 1.0N HC1  450°C/100MPa/3 hrs Boehmite -
A1OOH gel 450°C/100MPa/3 hrs Boehmite -
ALOCH gel 500°C/100MPa/2 hrs Boehmite, corundum -
ALOOH go) 500°C/100MPa/3 hrs Corundum, trace tohdite -
ALOOH gel $00°C/100MPa/6 hrs Corundum, trace tohdite ~20um crystals
Al1OOH gel $00°C/100MPa/24 hrs Corundum Twinned spindles (10-60um)
AlOCH gel 550*C/100MPa/15 min Corundum, akdalaite, tohditce -
ALOOH gel 5£50°C/100MPa/4 hrs .Jrundum, tohdite?
ALOOH gel 600°C/100MPa/1 hr Corundum §-20um crystals
AlO0H gel 700°C/70MPa/3 min Tohdite, trace corundum -
A1OCH gel 700°C/70MPa/15 min Corundum + trace unidentified -

phase

*Treated with deionized water unless otherwise indicated.
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TABLE II. XRD and TEM Analyses of Single and Dipnasic Mullite and Zircon Gelsa
After Hydrothermal Treatment with Deionized Water
Hydrothermal Reaction Products Morphology
Sample Treatment by XRD by TEM
Mullite, AlcSi,044

Singie pnase gel
Single phase gel
Single phase gel
Single phase gel
Diphasic gel

Diphasic gel
Diphasic gel

Diphasic gel

Zircon, Zrsi0,
Single phase gel
Single phase gel

Single phase gel

Diphasic gel
Diphasic gel

Diphasic gel

300°C/100MPa/12 hrs
$00°C/100MPa/12 hrs
600°C/100MPa/12 hrs
700¢C/69MPa/4 hrs

300°C/100MPa/12 hrs

500°C/100MPa/12 hrs

600°C/100MPa/12 hrs

700°C/69MPa/4 hrs

450°C/100MPa/4 hrs
500°C/100MPa/12 hrs

600°C/100MPa/12 hrs

450°C/100MPa/4 hrs
500°C/100MPa/12 hrs

600°C/100MPa/12 hrs

Amorphous
Hydralsite
Hydralsite
Hydralsite
Amorphous

Hydralsite + unidentified
phase

Hydralsite + unidentified
phase

Hydralsite + mullite

Zircon
Zircon

Zircon

Z2ircon + Baddeleyite
Zircon + Baddeleyite

Zircon

Mullite needles (~um)

Vermicular aggregates
(~75m crystals)

Platy crystals (~75m)
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Fig. 1. Transmission electron micrographs of TiOz powders by hydrothermal

treatment: (A) Anatase produced from Ti0, gel in Hy0, at 450°C for 3 hrs. (B)
Anatase produced from TiO, gel in ethanol at 350° for 3 hrs. (C) Rutile from

Ti0, gel in H,0, at 500°C for 24 hrs. (D) Rutile from T10, gel in ethanol at

450°C for 3 hrs. Pressure = 100 MPa in all cases.

13
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Fig. 2. Scanning electron micrograph of ultrafine rutile (same as Fig. 1C)

showing the unexplained sliding behavior.

14
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Fig. 3. Transmission electron micrographs of ir0, powders by hydrothermal
treatment: (A) Very poorly crystalline monoclinic and tetragonal ZrQ, along
with amorphous Zr02 (arrow) from ZrO, gel at 250°C/4MPa/5 hrs. (B) Monoclinic
Zr0, at 450°C/100MPa/3 hrs. (C) Monoclinic and tetragonal Zr0, ,>wder from
Zr0, gel (slow hydrolysis in air) at 500°C/100MPa/24 hrs. D) Monoclinic Zr0,

from Zr0, precipitate (in NaOH) at 500°C/100MPa/24 hrs.
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Fig 4. Large twinned corundum crystals made from boehmite gel at
500°C/100MPA/24 hrs {a) and small (~5 pm) corundum crystals made from y-Al;O4

at 450°C/100 MPa/6 hrs (B).

16
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Fig. 5. TEM (A) and SAD (B) of mullite needles prepared from diphasic mullite

gel at 700°C/69MPa/4 hrs.
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Fig. 6. Transmission electron micrographs of zircon gels after hydrothermal

treatment at 500°C/100MPa/12 hrs:

(A) Vermicular form of ZrSiO4 made from

single phase gel. (B) Same as A but at a higher magnification showing ~75nm

crystals. (C) Platy ZrSiO, particles made from diphasic gel.
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NATURAL GEL-DERIVED CERAMICS: CHEMISTRY AND MICROSTRUCTURE
OF OPAL, CHERT, AGATE, ETC.

T.C. Simonton, Rustum Roy, and S. Komarneni
Materials Research Laboratory, The Pennsylvania State University
University Park, PA 16802

Introduction

The purpose cf this work was to study the micrcstructure and mechanical
properties of a group of naturally cccurring silicates that are believed to
form via a sol-gel or solution chemistry process below 100°C in order to learn
how nature produces such hard and tough materials at low temperatures and then
imitate the process in the laboratory. Moreover, during the course of the
work a set of data was generated for these natural materials that can be used
as a reference base for the next step of this work which is to discover

treatment methods to enhance the hardness and toughness of these materials.

Experimental

Scanning Electron Microscopy

An ISI DS130 scope with a W filament was employed for microstructural and
chemical determinations. The upper stage was used for microstructure
determinations using flat, polished, and etched samples. Small chips were
fractured from the edge of the sample so that both a polished and fracture
surface was available for viewing on the same sample. These samples were
etched in 10% HF for 15-60 seconds, depending on the material, and were Au-
coated. The bottom stage was used for chemical analysis and the samples were
flat, polished, unetched, and C-coated. An attached ux 7000 system collected
and analyzed the x-rays emitted from the sample according to energy so

elemental identification could be made.

Power X—Ray Diffraction

A Philips Norelco diffractometer with Ni-filtered Cu-radiation was used
to determine the crystalline phase present arnd crystallinity of the quartz
containing samples. Samples were powdered and packed into a glass cavity
holder for examination. The crystallinity index was determined as described
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by Murato and Norman (1976) using the ratio of the 212 and the neighboring

peak in the quintuplet found at 68°268., The index ranges from 1 to 10 where 10

is the best crystalline.

Materials
Samples were selected from five types of naturally occurring low-
temperature-forming varieties of Si0O,. The materials were obtained in bulk
when possible, but many samples were only available in lesser quantities. The
locality, quantity available (B=bulk, L=limited), and a description is given

below for each group.

Opals

Three types of opals were selected for study. Two were naturally
occurring varieties of Opal-A and Opal-CT and the other was Gilson synthetic
opal. Only one sample of Opal-A was available in quantity. Table 1 gives

details.

Jasper

Jaspers are fine-grained silicates that characteristically contain
significant amounts of iron as an impurity as well as other impurities. They
are typically shades of brown and dark reds (Dana, 1962). Table 2 contains

information for the jaspers used in the study.

Agate

Agates are pure forms of fine—grained chalcedony (a fibrous variety of
quartz) that commonly exhibit banding, pleasing coloration, and translucency.

Table 3 gives information for the agates used.

Flint

Dana (1962) defines flint as a term used to describe siliceous nodules
found in chalk and limestone. Flint is fine-grained and it typically shades
of gray, brown, and black. Table 4 lists those flints used in the study.

Chert
Chert is very similar to flint but there is no sharp mineralogical

distinction between them. However, cherts tend to be lighter in color than
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Table 1. Selected Opal Types.
# Sample Quantity Locality Comments
1 Opal-A B Australia white
2 Opal-A (1) L Andamooka, S. Aust. white, some fire
3 Opal-A L Australia white
4 Opal-CT (1) L Salt Creek, NSW yellow-brown
concretion
5 Opal-CT (1) L Lake Eyre, S. Aust. porous, bulk wood
replacement
6 Opal-CT (1) L Sunbury Victoria yellow—-brown
7 Opal-CT Unknown wood replacement
retaining cellular
structure
8 Gilson Synthetic milky white variety
9 Gilson Synthetic crystal white variety
10 Gilson Synthetic black variety
Table 2. Selected Jaspers.
# Sample Quantity Locality Comments
11 Bald Eagle B State College, PA yellow
12 Bald Eagle L State College, PA red
13 Omyhee B tan and light brown
14 Vera Cruiz B Vera Cruiz dark brown
15 Green B dark green
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Table 3. Selected Agates.

# Sample Quantity Locality Comments

16 Bloodstone B green with red spots

17 Brazil B Brazil banded, light blues

18 Fire B poor fire

19 Montana B Montana translucent, white

20 Moss B clear with green
dendrites

21 Petrified Wood B Arizona red, yellow, purple

22 Botswana banded, dark

23 Blackskin transparent

Table 4. Selected Flints.

# Sample Quantity Locality Comments

24 Black Oak Hall, PA black and uniform

25 England England gray, contains
carbonate

Table 5. Cherts Selected for Study.

# Sample Quantity Locality Comments

26 Burlington Burlington, IL cream color

27 Oolitic State College, PA gray, well silicified

28 novaculite B Arkansas white
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flints (Dana, 1962)., Table § lists the cherts studied. It should be noted

that novaculite may be considered a slightly metamorphosed chert,.

Results
X—Ray Diffraction

Table 6 lists the phases detected by x-ray diffraction on powdered
samples and the crystallinity index obtained for quartz containing samples.

The opals are of two types as indicated by the nomenclature. One gives
an amorphous hump at a d-spacing of ~4X and the other a disordered
cristobalite-tridymite pattern. Sample #7, an opalized wood, is the only
natural opaline material containing a detectable quantity of quartz. The
traces for the Gilson opals all have an amorphous hump at a d-spacing of ~4§
and also shows a cubic zirconia pattern.

The jaspers are the most impure of all the silicates studied and may
contain hematite, goethite, or feldspar as minor impurities. Only the Vera
Cruiz Jjasper contains no detectable crystalline impurities. The agates,
flints, and cherts are quartz except for the flint from England which contains
a minor amount of calcite,

The quartz found in the samples is mainly poorly to moderately

crystallized with only 4 samples of 19 having an index of 5 or greater.

Scanning Electron Microscopy

The average size range for the fundamental observable microstructural
units, as well as the maximum observed flow size, and the chemistry and
elemental distribution of the samples are given in Table 6 and Figures 1-6.

Generally, the basic microstructural unit observed for all samples
examined was a ball (as seen in Figures 1-5) of greater or lesser sphericity,
depending on the particular sample. The size range of the balls for all
samples was on the order of 0.1-0.5u. Some samples exhibited a finer
substructure of balls 0.01-0.05p in diameter. Figure 1 is the best example of
the observed fine structure., There is a question as to the cause of the fine
structure seen in the samples. It is possible that it is an artifact of the
Au-coating process and not a true fine structure of the samples.

Also listed in Table 6 is the maximum observable flow size. The number
given is the approximate diameter of the largest observed flow size since most

of the samples had roughly spherical flaws that could be considered as
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Table 6. X-Ray and SEM Results.
Crystal- Maximum
linity Micro- Flaw
XRD Index Elemental Structure Size
#  Sample Phases (1-10) XES Chemistry Distribution (y) (p)
1 Opal-A A Si(Al,Ca*) HD 0.2-0.3f 0.4
2 Opal-A A S1(Al,K,Ca, HD 0.1-0.2¢ 1
Fe#)
3 Opal-A A Si(Al,K,Ca HD 0.1-0.2f 0.5
Fe®)
4 Opal-CT CT Si(Al,Fe, Mg, HD 2-3f 1
K,Ca®*)
5 Opal-CT CT S1(A1,Cl®) HD 0.1-0.2 6
6 Opal-CT CT Si(Fe,Al) Fe-IS 0.05-0.15 40
7 Opal-CT CT,Q 2.0 S1(Al,Mg*) HD 0.1-0.2 15
8 Gilson A,Z Si(Zr) HD 0.1-0.2¢ 0.5
9 Gilson A,2 Si(zZr) HD 0.1-0.2f 0.5
10 Gilson A,Z Si(zZr) HD 0.1-0.2¢ 0.3
11 Bald Eagle Jasper Q,H 1.7 Si(Fe) Fe-IS 0.1-0.2 40
12 Bald Eagle Jasper Q,H,G 1 Si(Fe) HD 0.1-0.3 3
.13 Owyhee Jasper Q,F 4.8 Si(Al,K,Fe, K-RF 0.1-0.2f 15
Mn*) Fe-1S
Mn-1S
14 Vera Cruiz Jasper Q 4.1 Si(Fe) Fe-IS 0.05-0.15 10
15 Green Jasper Q,F 7.0 Si(Al,K,Fe, K-RF 0.1-0.2f 15
Ca,Na*,Mg*) Fe-IS
16 Bloodstone Agate Q 1.6 Si(Fe,K®*) Fe-IS 0.1-0.2f 10
17 Brazil Agate Q 1 Si(Al®) HD 0.1-0.2 0.2
18 Fire Agate Q 1.4 Si(Fe,Ti) Fe,Ti films 0.1-0.2 10
19 Montana Agate Q 1.1 Si - 0.05-0.15 1
20 Moss Agate Q 1.4 Si(Fe,K,Cl) Fe,K-D 0.1-0.2 30
K,Cl xls
21 Petrified Wood Q 4.6 Si(Fe,Al®*,Mg*) HD 0.1-0.5 1
22 Botswana Agate Q 2.9 Si(Al®) HD 0.1-0.3 1
23 Blackskin Agate Q 1.1 Si(Al) HD 0.1-0.4f 0.2
24 Black Flint Q 8.4 Si(A1*) HD 0.5-4f 5
25 Flint qQ,C 2.0 Si(Ca,K*,Cl®*) Ca-IS 0.1-0.2 2
K,Cl xl1s
26 Chert Q 2.7 Si(A1,Mg*) HD 0.1-1 1
27 Oolitic Chert Q 5.0 Si(Ca®*) Ca-1S 0.4-5 30
28 Novaculite Q 7.7 Si(Al*) HD 1-5 10
A = amorphous ( ) = small quantity
Q = quartz * = trace quantity
CT = cristobalite-tridymite HD = homogeneous distribution
Z = zirconia D = dendrites
F = feldspar IS = irregular spheres
H = hematite RF = associated with relic feldspar grains
G = goethite xls = crystals
C = calcite f = fine structure ~0.2p
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spheres.

The only samples that did not show a structure made of balls was the
Arkansas novaculite and the Black flint from Oak Hall. Figure 6 clearly shows
a structure of polyhedral grains instead of 0.1-0.5u balls. Figure 5 shows
the beginning of polyhedral grain development from balls.

The major element in all samples as detected by x-ray energy
spectresceopy was Si. Most samples contained only minor quantities of other
elements, and many times only in trace amounts. The sample with the greatest
impurity concentration, according to peak intensities, is the yellow Bald

Eagle jasper (Figure 7).

Summary of Conclusions
1. All the materials examined appear to have been formed initially by
the random aggregation of 1000-50008 balls by a sol-gel or solution chemistry
process presumably below 100°C. \
2. The synthetic opals are composed of balls 1000—2000K in diameter,

much like the natural opal analogues.
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COLLOIDAL SOL-GEL PROCESSING OF TITANIA-SILICA GLASSES
BY

C. P. Scherer and C. G. Pantano

The best known ultra-low expansion glass is a 7% T102-93% 5102 com-
position which must be processed by chemical vapor deposition (CVD).
Clearly, the fabrication of large pieces forspace structures is difficult,
time-consuming and expensive using the CVD process. This ultra-low
expansion glass composition has also been successfully processed with a
single-phase alkoxy sol/gel approach, but again, the preparation of large
pieces is difficult due, in this case, to the excessive shrinkage encountered.
We have been developing a diphasic sol/gel approach to this problem based upon
the use of high-purity colloidal silica which is gelled in a titanium-doped
solvent, or is co-gelled with a titanja/silica alkoxy solution. The use
of colloidal silica should reduce the cost, accelerate the gellation and
drying, and minimize the drying and firing shrinkages.

After extensive evaluation of varjous raw materials and gel preparation
methods, two colloidal soi-gel processes have been developed to produce
7-10 wt % titania-silica glasses for low-expansion substrates. The source
of titanium in both processes is titanium isopropoxide, an extremely pure
metal alkoxide (Alpha Products, Inc.). The colloidal silica powders
(Degussa's Aerosil 200 m2/g and Cabot's Cab-0-Sil1 200 m2/g and 400 mz/g)
are made by flame hydrolysis technique, and thus, are also extremely pure
(>99% 5102). A variety of thermal and microstructural analyses have been
used to characterize the processing and sintering of the gels, while the

coefficient of thermal expansion has been the property of most interest.
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The two processes that have been developed are similar. They involve
mixing the ‘stabilized' organometallic titanium-alkoxide (see below) with
silica powder in a conventional blender to form a sol. The sol is then
poured into glass tubes (13 mm diameter and 80 mm tength) which are sealed
and heated to 60-80°C to promote gellation. After a time, the gels are stiff
enough to be removed from the tubes and dried. The dried gels have a density
that is 225% of the theoretical value. An initial heat treatment of the
dried gels in oxygen to 350-500°C (15-20 hrs) is used for the removal of
organic residuals. The pre-sintered gels are then fired at 1225-1250°C
for complete densification. The final densities - typically 2.15 to 2.25 g/cm3 -
are comparable to glasses of the same composition made by chemical vapor depo-
sition (e.g. Corning's ultra-low expansion ULE-7971).

The titanium isopropoxide (TIP) is extremely reactive and readily
hydrolyzes and precipitates in water. Therefore, the TIP must be 'stabilized'
before it can be incorporated into the aqueous silica sol. The method of
stabilization and incorporation of the TIP in the sol is the major difference
between the two processes that have been developed.

Method A involves the drop-wise addition of a mixture of TIP, propanol,
and acetyl acetone {AcAc) into a solution of tetraethylorthosilicate (TEOS),
ethanol, water, and AcAc. The colloidal silica powder can then be added to
this mixture to form a sol. The sol must be heated to 60-65°C for gelation
to occur, and a very slow drying is required (=30 days) in the sealed tubes
to prevent cracking. Likewise, a very slow heating rate must be used during
the initial presintering of these gels (i.e., 25°C/hr to 500°C). Finally,
the gels can be heated at 100°C/hr in air to 1250°C.

The dried gels produced by Method B contain more organic residuals, but
for the same reason the gellation and drying can be accelerated because the

gels are less susceptible to cracking. This method comprises mixing the TIP
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with ethylene glycol and citric acid. The mixture is heated to 115°C to evolve
the propanol from the system. This mixture is now miscible and stable in
water. Silica powder is then added to a 50-50 mixture of this titanium-glycol
and water. A two-step heat treatment of the sol is needed. First, heat
treating to 40°C allows for swelling and evolution of the bubbles in the sol
while they are being cast (a vacuum treatment was attempted here, but was
insufficient to remove the bubbles). Subsequent heating to 70-75°C promotes

gellation. The stiff gels are then extracted from the tubes and dried over-

night in air at room temperature. Again, an initial pre-sintering of the
dried gels to 350°C in 10-15 hours allows for removal of organics as shown
by the upper two differential thermal analyses (DTA) in Figure 1.

The densification of these gels begins at 1000°C; the densification
behavior is studied by using a constant load head (50g wt) on the dilatometer.
The gel attains full density at 1225°C. A variety of sintering atmospheres
were evaluated (ambient, helium oxygen, and vacuum), but it was found that
an air atmosphere yielded the best results.

Although Method B is clearly more convenient and thus is being further
developed, it is noteworthy that both processes yielded fully dense glasses
that could not be readily distinguished. The glasses are always translucent,
and thus some attention has been focused upon the crystallization behavior.
The DTA traces in Figure 1, especially the lower one for the pre-sintered
glass, show no evidence for extensive c¢rystallization of the matrix. Never-
theless, the x-ray diffraction patterns in Figure 2 reveal the development of
sharp - albeit weak - crystalline peaks during the densification. Transmission
electron microscopy (TEM), energy-dispersive x-ray analysis (EDS) and electron

diffraction have verified the presence of titanium-rich microcrystallites
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(21503 dia.) that are uniformly distributed in silica-rich amorphous matrix.
These can be seen quite clearly in Figure 3. It is significant, though,
that heating of the glasses at 1225°C for 11 hours did not coarsen these
crystals (which are believed to be anatase) or promote the crystallization
of rutile.

The coefficients of thermal expansion (CTE) for the dense glasses were
measured on a Theta differential dilatometer using a fused silica reference.
The CTE of the glasses made via Method A were slightly higher than for
those made by Method B. The CTE values for the glasses were in the range
2 - 3.4 x 10'7/°C. The softening point of the glass was about 1100°C.

[t is worth mentioning finally that powders were made from the dried
and presintered gels of Method B. These powders were pressed into pellets
and then were vacuum hot pressed at 1400°C and 3,200 psi. These glasses were

fully dense,amber in color and transparent. Nevertheless, they also con-

tained microcrystallites of anatase, but had a CTE of 0.24 x 10'7/°C.
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Figure 1. DTA analyses of gels made by Method B: (A) fresh sol;
(B) gel dried at room temperature; (C) gel presintered
to 400°C (for removal of organics).
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Figure 3. TEM thin section micrographs of densified gel
prepared by Method B.




